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Abstract
Experimental data on Kq meson and proton sideward flow measured with the FOPI detector at SISrGSI in the reactions
RuqRu at 1.69A GeV and NiqNi at 1.93 A GeV are presented. The Kq sideward flow is found to be anti-correlated
Ž . Ž .correlated with the one of protons at low high transverse momenta. When compared to the predictions of a transport
model, the data favour the existence of an in-medium repulsive Kq-nucleon potential. q 2000 Elsevier Science B.V. All
rights reserved.
PACS: 25.75.-q; 25.75.Dw; 25.75.Ld
The possible modification of hadron masses and
widths in hot and dense matter is a subject of
considerable current interest. In particular a large
theoretical effort has been devoted to the investiga-
tions of the in-medium properties of kaons as they
are important for understanding both chiral symme-
w xtry restoration and neutron star properties 1 . These
w xstudies, carried out using different approaches 2 ,
converge qualitatively towards the common feature
that in the nuclear medium the Kq mesons feel a
week repulsive potential whereas the Ky mesons
feel a strong attractive potential. Both potentials can
be parametrized by a linear dependence on the nu-
clear density r up to 2 times r . Experimentally,0 0
the in-medium kaon properties at low densities can
be studied by the analysis of kaon-nucleus scattering
w x w x3 and kaonic atoms 4 data. The properties of
kaons in a high density medium can only be investi-
gated by means of heavy ion collisions. This is
particularly relevant for beam energies of 1–2 A
GeV for which, according to transport model calcula-
w xtions 5 , the central region of the collision reaches
nuclear densities of 2–3 r and stays in this high0
density phase for a relatively long time compared to
higher beam energies. This beam energy range is
also best suited to study the kaon in-medium proper-
ties since it corresponds to kaon production below
w xthreshold or close-to-threshold 1 . As the kaon in-
medium potential results in a slightly increased Kq
mass and a strongly reduced Ky mass, one expects
y Žto observe an enhanced K yield its production
. qbeing energetically much easier and a reduced K
Žyield its production being energetically more diffi-
. ycult . The large K production cross-section ob-
served by the KaoS collaboration in NiqNi colli-
sions has been interpreted as an evidence for a
reduced Ky effective mass in the nuclear medium
w x6 . On the other hand the kaon potential should repel
Kq from nucleons and attract Ky towards nucleons.
This would influence the phase space populations by
Ž . q Ž y.a widening narrowing of the K K transverse
momentum and rapidity distributions. First signs of
these effects have been observed very recently by the
w xKaoS and the FOPI collaborations 7,8 . Finally, the
collective flow of kaons, both the in-plane compo-
Ž .nent the scope of this paper and the out-of-plane
w xcomponent 9 , is also recognized as relevant observ-
ables to probe the kaon potential and thus provides
w xuseful complementary information 10 . Substantial
uncertainties about the strength of the in-medium
potential, especially its momentum dependence
w x w x11,12 , and about the in-medium cross-sections 12
motivate further theoretical investigations as well as
more detailed data.
The first experimental data on Kq sideward flow
have been obtained by the FOPI collaboration in
w xNiqNi reactions at 1.93 A GeV 13 . The data show
a vanishing Kq flow in the representation of the
mean in-plane transverse momentum versus rapidity.
The sensitivity of such data to in-medium effects is
w xunder intense debate. According to 14 the data
clearly support the existence of a repulsive Kq-
w xnucleon mean field. According to 15,16 the sensi-
tivity of the observable to in-medium effects is found
to be less pronounced but a slightly repulsive poten-
tial cannot be excluded from the comparison. On the
other hand, the sensitivity of Kq sideward flow to
w xin-medium effects was found in 11 to be washed-out
when a particular momentum dependence of the
potential is included in the calculations. It was re-
w xcently pointed-out in 17 that the lifetime of nuclear
resonances used in the models might be partially
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responsible for the magnitude of the Kq sideward
flow as it strongly affects the kaon production char-
acteristics.
In order to further elucidate these questions, we
investigate in this paper the transverse momentum
dependence of Kq and proton sideward flow in
RuqRu and NiqNi systems. Such a transverse
momentum differential analysis does reveal more
information than the transverse momentum inte-
grated data where part of the effects are hidden. In
addition, a heavier system than NiqNi is better
suited for flow studies since flow effects are found to
be larger, at least for baryons, as compared to lighter
w x qsystems 18 . It allows also to study K flow in
non-central collisions where, due to a large sensitiv-
ity of the observable to in-medium effects, an anti-
Ž .flow phenomenon see later is expected to be seen
w x14,19 .
w xThe FOPI detector 20,21 is an azimuthally sym-
metric apparatus made of several sub-detectors which
provide charge and mass determination over nearly
the full 4p solid angle. For the analysis presented
Ž .here, only the Central Drift Chamber CDC , the
Ž .time of flight array Barrel and the forward Plastic
Ž .Wall PLA were used. The CDC and the Barrel are
placed in a solenoidal magnetic field of 0.6 T. Pions,
kaons, protons, deuterons and tritons are identified
Ž .with the CDC 338-u -1508 by measurementlab
of the specific energy loss in the CDC gas and the
magnetic rigidity. Due to the low kaon yield in this
beam energy regime, additional redundancy for kaon
identification is needed. This is achieved by adding
to the previous informations the particle velocity
which is determined from the extrapolation of a track
in the CDC to the appropriate hit in the Barrel. The
acceptance is therefore reduced for kaons to the
geometrical coverage of the Barrel: 398-u -lab
1308. Kaon detection is possible only for transverse
momenta above p s0.1 GeVrc which is needed fort
a particle to reach the Barrel. The upper momentum
limit to which Kq can be identified without signifi-
cant contamination from pions and protons is p slab
0.5 GeVrc. More details about kaon identification
w xwith the FOPI detector can be found in 8,13,21,22 .
The acceptance of the FOPI detector for Kq
identification is shown in Fig. 1 in terms of Kq
transverse momentum as a function of the normal-
ized rapidity yŽ0. where y Ž0. denotes the particle
Fig. 1. Measured yield of Kq in a plane transverse momentum pt
versus normalized rapidity yŽ0. in the reactions NiqNi at 1.93 A
Ž . Ž .GeV left and RuqRu at 1.69A GeV right . The contour levels
correspond to logarithmically increasing intensity. The solid curves
Ždenote the geometrical limits of the detector acceptance u s398lab
.and 1308 . The dashed curve corresponds to p s0.5 GeVrc.lab
The solid horizontal line corresponds to p s0.1 GeVrc. Here,t
the yield is neither corrected for kaon decay losses nor for
detection efficiency.
rapidity divided by the beam rapidity in the center-
Ž .of-mass c.m. system. With this normalization, y1,
0 and 1 correspond to target, c.m. and projectile
rapidity, respectively.
The events were centrality selected by imposing
w xconditions on the multiplicity PMUL 23 of charged
particles detected in the outer part of the Plastic Wall
Ž .78-u -308 . For the NiqNi system, one classlab
of central events was selected whereas for the Ruq
Ru system, a central and a semi-central event classes
were considered. The features of these event classes
are listed in Table 1. The reaction plane was recon-
structed event-wise, according to the method devised
w xin 25 . In order to remove autocorrelation effects,
the azimuth of the reaction plane was estimated for
each particle in a given event using all detected
baryons in the event except the particle of interest.
The flow observable presented here was corrected
for the accuracy with which the reaction plane was
determined, according to the method described in
w x26 . The corresponding correction factors f are
shown in Table 1.
The p dependence of the sideward flow has beent
investigated by means of a Fourier expansion of
azimuthal distributions. f being the azimuthal angle
of a particle with respect to the reaction plane, the
azimuthal distributions dNrdf can be parametrized
Ž Ž . Ž . .by ; 1q2Õ cos f q2Õ cos 2f q . . . , where1 2
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Table1
Ž . qNumber of recorded events N , number of identified Kevt
Ž . Ž .qN , mean geometrical impact parameter b , correctionK geom
Ž . Ž .factor f and offset S to sideward flow observables for the
Ž .selected classes of events see text . b was calculated assum-geom
w xing a sharp cut-off approximation 24
System NiqNi RuqRu RuqRu
centrality central semi-central central
6Ž .N =10 1.4 1.8 4.5evt
qN 12700 5000 15900K
Ž .b fm 1.7 3.8 2.3geom
f 1.48 1.18 1.28
S 0. 0.02 0.01proton
qS 0. 0.04 0.03K
² Ž .:Õ s cos nf are the Fourier coefficients. Side-n
ward flow is related to the first Fourier coefficient
² Ž .: ² :by: Õ s cos f s p rp where p is the trans-1 x t x
verse momentum projected onto the reaction plane
Ž w x.for more details, see 27,28 . In order to exclude of
non-trivial distortions introduced by the detector ac-
ceptance for Kq, Õ was extracted in a portion of1
phase space free of any geometrical bias. From Fig.
1 it can be seen that requiring y1.2-y Ž0.-y0.65
defines the p window 0.15-p -0.45 where Õt t 1
can be extracted without any geometrical acceptance
effects for both systems. Note that the p ranget
extends to much higher values for protons.
The magnitude of the Kq sideward flow signal
was found to depend somewhat on the mass window
used to select Kq candidates and the applied quality
criteria for the tracks in the CDC and their matching
with the Barrel detector. Therefore, systematical un-
certainties were estimated by adding quadratically
the errors estimated by comparing the flow values
obtained with ‘‘strong’’ and ‘‘open’’ selection crite-
ria. The corresponding boundaries of these selection
criteria were established from the apparatus resolu-
tion on the one hand, and from the degree of contam-
ination of Kq by other particles on the other hand.
These systematical errors are smaller than the size of
the symbols used in the following figures. Other
possible sources of systematical errors have been
investigated for the RuqRu system by means of
Monte Carlo simulations using the GEANT package
w x29 . This consists of a complete simulation of the
FOPI apparatus including resolutions in energy de-
position and spatial position, front-end electronic
processing, hit reconstruction, hit tracking and track
matching between the sub-detectors. The output of
GEANT was analyzed in the same way as the exper-
imental data and then compared to the input of the
simulation. The results of the full simulation overes-
timate Õ by few percent in the region of the phase1
space under consideration. This systematical effect
) )was found to be i independent of p , ii slightlyt
more pronounced in semi-central collisions than in
)central collisions and iii almost negligible for pro-
tons. It is attributed to a loss of particles in the
azimuthal region of the high track density of the
reactions. Based on these simulations, the data points
in Fig. 3 have been shifted-down by the offset S
reported in Table 1. Since no signs of such systemat-
ical bias have been observed in the NiqNi system,
for which the track density is significantly lower, no
correction has been applied to the data for this
system. The Kq data points in the two following
figures have been corrected for the kaon decay losses
although this effect was found to be negligible on Õ1
in the region of phase space considered.
The Kq and proton sideward flow is shown in
Fig. 2 for the NiqNi system. It can be seen that the
Kq flow pattern is totally different than the one of
protons. Protons have a negative Õ for all p . Since1 t
the rapidity window used is located in the backward
hemisphere, this means that protons are positively
flowing whatever their p . In contrast, Kq havet
Ž . q Ž .Fig. 2. Õ versus p for protons triangles and K dots in the1 t
rapidity range y1.2- yŽ0.-y0.65 for central NiqNi reactions
at 1.93 A GeV. Error bars represent statistical uncertainties. The
curves and shaded area show the predictions of the RBUU model
for Kq and proton, respectively. The statistical uncertainties on
RBUU-Kq flow are similar to the ones on RBUU-proton flow.
The latter are represented by the width of the shaded area.
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positive Õ for low p . In other words, Kq are1 t
Ž .negatively flowing or anti-flowing at low p whilet
their Õ is compatible with 0 at large p . We stress1 t
that vanishing Kq flow was seen, if p -integratedt
w xdata were used 13 . This demonstrates the need to
study flow effects simultaneously in a p -integratedt
and p -differential way. Investigating the flow differ-t
entially has in addition the advantage that compari-
son of data to model predictions is straightforward
since no corrections are necessary for the finite
acceptance of the apparatus.
The main features of the Kq flow pattern are
exhibited more clearly for the heavier system Ruq
Ru for which the centrality dependence of Õ is1
shown in Fig. 3. Here there is a clear trend for
Ž .positive Õ anti-flow at low p and negative Õ1 t 1
Ž . qflow at large p . A change in the K flow patternt
can be observed, from central to semi-central colli-
sions. Note also the change in the proton flow pat-
tern and in the difference between the Kq and the
w xproton signals. It has been shown in 30 , that in data
averaged over p no Kq flow is seen in centralt
RuqRu reactions, while some antiflow is observed
in semi-central events. A similar anti-flow pattern
has been observed very recently for K 0 in AuqAuS
w xcollisions at 6 A GeV 31 .
In order to demonstrate the sensitivity of the
experimental findings to the properties of kaons in
dense hadronic matter, the data were compared to the
predictions of two different realisations of the Rela-
Ž .tivistic Boltzmann-Uehling-Uhlenbeck RBUU
w xmodel 19 : without and with in-medium effects. The
first situation corresponds to a calculation including
Ž . Ž .Fig. 3. Same as Fig. 2 for semi-central left and central right
RuqRu reactions at 1.69A GeV.
binary collisions plus potentials except kaon poten-
tials. In the second scenario in-medium effects are
taken into account. They are introduced by means of
a dispersion relation from which kaon effective po-
tentials and masses are derived. This results, for Kq,
in an increased effective mass and a repulsive poten-
tial. The former tends to lower the Kq production
probability in a first chance nucleon-nucleon colli-
sion while the latter tends to push Kq away from
nucleons. The strength of the in-medium Kq poten-
tial at normal nuclear density was fixed to Us
15 MeV and 20 MeV for the RuqRu system and to
Us20 MeV for the NiqNi system. More details
w xabout the calculations can be found in 15,19 . The
centrality selection criteria imposed on the data de-
scribed above was modeled by an impact parameter
selection of the RBUU events requesting the same
geometrical cross section. The data points from
RBUU were extracted in the same rapidity window
as the one used for the experimental data. No further
)conditions were applied to the calculations since i
the transverse momentum range 0.15-p -0.45 de-t
fined with the previously discussed rapidity window
)is free of any detector bias and ii the experimental
data points are corrected for the reaction plane fluc-
tuations, the detection inefficiency and the kaon
decay losses.
The results of the calculations are shown by the
curves in Fig. 2 and 3. It can be observed that
without in-medium Kq potential the calculation fails
to describe the low-p Kq anti-flow phenomenont
observed in the data. In contrast, when in-medium
effects are taken into account the model reproduces
quantitatively Kq experimental signals for both sys-
tems. The additional repulsive potential pushes Kq
further away from nucleons therefore resulting in an
anti-correlation between the Kq flow and the proton
flow. It is important to mention that neither rescatter-
ing effects nor the Coulomb repulsion can explain
satisfactorily the experimental behaviour of Kq flow,
since both of them are included independently of the
in-medium potential. Furthermore, rescattering of Kq
with nucleons is expected to increase slightly the Kq
w xsideward flow in the direction of nucleons 14 , and
Coulomb potential is found to play an almost negli-
q w xgible role on K sideward flow 16 .
The results obtained here are in good qualitative
agreement with the predictions of another indepen-
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dent transport model calculation including similar
w xin-medium effects 14 . In addition, it has been shown
that these two calculations give a consistent descrip-
tion of the measured KyrKq ratio, for the same
reactions, only if in-medium effects are taken into
w xaccount 8,19,32 .
On the other hand, the model fails in consistently
describing the proton sideward-flow data in the con-
sidered target rapidity region, although a reasonable
w xagreement is found in the mid-rapidity region 30 .
This discrepancy is mostly due to an improper sepa-
ration of free protons and bound nucleons in the
w xtarget spectator 33 which seems to be a general
problem of transport model calculations. A similar
discrepancy has indeed been observed from the com-
parison of experimental data and the predictions of
the Relativistic Quantum Molecular Dynamics model
w xin AuqAu reactions at 11 A GeV 34 . This shows
that more definite interpretation of the p -differentialt
flow data for nucleon needs further detailed investi-
gations.
Due to the discrepancies of the p -dependence oft
the baryon flow, at this moment, no final conclusion
about the strength of the kaon potential can be drawn
although, model-dependently, the errors on the data
points would allow for an accuracy of about 10 MeV
Ž .see Fig. 3 left . There is, however, no other mecha-
nism but a repulsive potential that would allow to
generate the observed antiflow of Kq at low p .t
In summary the transverse momentum and cen-
trality dependence of Kq and proton sideward flow
in NiqNi and RuqRu collisions at SIS energies
have been studied with the FOPI detector. The data
near target rapidity reveal a Kq anti-flow phe-
nomenon originating mostly from low p Kq. Thet
comparison of the data with the predictions of a
transport model investigating in-medium kaon prop-
erties clearly favour the existence of an in-medium
repulsive potential for Kq. The study of Ky flow,
for which in-medium effects are expected to be more
pronounced, should shed more light on this issue.
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Abstract. The ratio of K− to K+-meson yields has been measured in the systems 96Ru + 96Ru at 1.69
A GeV, 96Ru+96Zr at 1.69 A GeV, and 58Ni+58Ni at 1.93 A GeV incident beam kinetic energy. The
yield ratio is observed to vary across the measured phase space. Relativistic transport-model calculations
indicate that the data are best understood if in-medium modifications of the kaons are taken into account.
PACS. 25.75.-q Relativistic heavy-ion collisions – 25.75.Dw Particle and resonance production
Recently there has been considerable effort, both ex-
perimentally and theoretically, to investigate changes of
hadron properties in a hot and dense nuclear medium.
In particular, a variety of theoretical approaches consis-
tently predict that the effective mass of kaons increases
slightly with increasing baryon density, while the mass of
antikaons is expected to drop substantially [1]. This phe-
nomenon could lead to the formation of a kaon condensate
in a dense hadronic environment [2], which in turn would
effect the nuclear equation of state, and have consequences
for the physics of neutron stars [3]. The modifications of
the properties of kaons in a hadronic medium might orig-
inate from the partial restoration of the chiral symmetry
of QCD [4].
a e-mail: kwisniewski@gsi.de
The question whether the kaon masses are modified
in a dense hadronic environment can be addressed ex-
perimentally with studies on kaons produced in heavy-
ion collisions at bombarding energies around 1–2 GeV per
nucleon, which is close to the production threshold in el-
ementary, nucleon-nucleon reactions (1.6 and 2.5 GeV for
K+ and K−-mesons, respectively). At these beam ener-
gies, kaons are most likely produced in the early stage
and in the central region of the collision [5], where den-
sities of up to 3 times the normal nuclear matter density
and temperatures in the order of 100 MeV can be reached
[6]. The production rate can be influenced not only by the
surrounding medium (e.g., its density) or the properties
of the nucleons and their resonances, but also by possible
changes of the kaon properties themselves.
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Fig. 1. (a) Mass spectrum of charge ±1 particles measured in the Ru + Ru/Zr experiment. (b) K+-meson phase-space
distribution within the acceptance of the FOPI detector. The meaning of the lines is explained in the text.
The observation of the enhanced K−-meson yield at
midrapidity in heavy-ion collisions with respect to the el-
ementary, nucleon-nucleon reactions [7] is a very interest-
ing signature, possibly related to a substantial in-medium
drop of the effective mass of K−-mesons. A change of the
effective mass of a particle can be understood as an effect
of a density dependent potential. Gradients of this po-
tential cause forces that act on particles. While antikaons
are attracted into regions of high baryon density, kaons
are repelled from these regions. This effect offers an ex-
planation [8] for the characteristic directed side-flow pat-
terns of K+-mesons that are observed experimentally [9].
It also predicts characteristic changes of the final-state
phase-space distributions of kaons and antikaons [10].
In this note we report on measurements of K+ and K−-
mesons produced in 96Ru + 96Ru/96Zr collisions at 1.69 A
GeV and in 58Ni + 58Ni collisions at 1.93 A GeV incident
beam kinetic energy. The experiments were performed at
SIS/GSI, using the FOPI experimental setup [11] which
allows for a simultaneous measurement of all charged reac-
tion products. Thus, final-state distributions of the parti-
cles can be directly compared within the same event sam-
ple and with the same acceptance. Results on the phase-
space population of pi±, p, d, and K+ in the Ni+Ni exper-
iment were reported elsewhere [12,13]. Here, we show, for
the first time in this energy regime, the ratio of K− to K+-
meson yields in the backward hemisphere. We extract the
ratio across a relatively wide region of phase space, which
provides high sensitivity to the dynamics of the propaga-
tion of kaons through the medium. We observe that the
phase-space distributions of K− and K+-mesons differ and
discuss the origin of this effect.
An ensemble of events biased to small impact param-
eters has been selected by requiring high charged-particle
multiplicity in the polar-angle range 7◦ < Θlab < 30
◦ on
the trigger level. For the Ni+Ni experiment, 4.7·106 events
were selected, corresponding to the centralmost 11% of
the total geometrical cross-section. Since no difference in
strangeness production was found between the Ru+Ru
and Ru+Zr systems [14], the accumulated statistics was
combined for a total of 7.7 · 106 events, corresponding to
the centralmost 14% of the geometrical cross-section.
The identification of K+ and K−-mesons with the
FOPI detector relies upon the information on specific en-
ergy loss and track curvature in the Central Drift Chamber
(CDC), and on the measurements of Time-of-Flight (ToF)
in the surrounding Plastic Scintillator Barrel detector [11].
The acceptance is thus restricted to the polar-angle range
in the laboratory reference frame 39◦ < Θlab < 130
◦ and
to transverse momenta pt > 0.1 GeV/c. The finite de-
tector resolution limits the identification of K+-mesons
to laboratory momenta plab < 0.5 GeV/c. Due to the
much lower K− yield compared to that of K+-meson, the
background contamination in the former increases more
rapidly with momentum. In order to eliminate possible
distortions due to a momentum-dependent background
contribution, the considered momentum range for K−-
meson identification is restricted to plab below 0.32 and
0.34 GeV/c in case of the Ru+Ru/Zr and Ni+Ni experi-
ments, respectively. At plab ≃ 0.32 (0.34) GeV/c the mea-
sured K−-meson yields have less than 20% background
contamination and the K+-meson yields are practically
background free (the contamination is less than 5%).
With the different upper momentum limits for positive
and negative kaons, mentioned above, around 26000 K+
and 240 K−-mesons have been identified in the Ni+Ni ex-
periment. The combined statistics of the Ru+Ru/Zr ex-
periment is about 40000 K+ and 220 K−-mesons. The
mass spectrum of particles with charge ±1 measured in
the Ru+Ru/Zr experiment is shown in fig. 1.a. Peaks from
K+ and K−-mesons are clearly visible. The portion of the
phase space populated by K+-mesons measured in the
Ru+Ru/Zr experiment is shown in fig. 1.b in terms of
normalized rapidity (y(0) = ylab/yCM − 1, where yCM is





























Fig. 2. The K−/K+ ratio as a function of Ekincm in the Ru+Ru/Zr (left) and Ni+Ni experiments (right). The data are extracted
in the polar-angle range 150◦ < Θcm < 165
◦. The light-grey shaded areas correspond to the estimate of systematic errors. The
lines depict predictions of the RBUU transport model with different strength U(ρ = ρ◦) of the in-medium (anti)kaon potentials
at normal nuclear matter density. Statistical uncertainties of the predictions are similar to those of the experimental data. The
horizontal dark-grey shaded areas show the results of numerical simulations carried out in order to estimate the influence of the
Coulomb potential on the K−/K+ ratio.
half of the beam rapidity) and transverse momentum. In
this representation −1 and 0 on the rapidity axis corre-
spond to the target and the midrapidity, respectively. The
yield of K+-mesons is depicted by the contour lines on a
linear scale. The geometrical limit at Θlab = 39
◦ and the
upper plab limits for K
+ and K−-meson identification are
depicted by dashed lines. The solid lines show the polar-
angle range in the center-of-mass (c.m.) reference frame
150◦ < Θcm <165
◦, which will be referred to later.
To quantitatively examine and compare the phase-
space distributions of K+ and K−-mesons, where for the
latter case low statistics does not allow to extrapolate
the measured yields to experimentally not accessible re-
gions of the phase space, we study the ratio of K− to
K+-meson yields in the limited phase-space region de-
fined by the K−-meson identification. This offers two ad-
vantages with respect to analysing the single particle dis-
tributions. i) Experimental difficulties, like detection effi-
ciencies and acceptance deficiencies, cancel to a large ex-
tent [14]. ii) In-medium effects act in opposite ways on K−
and K+-mesons, hence the ratio should reveal these more
clearly.
In FOPI, the efficiency for particle detection is given
by the tracking efficiency in the CDC and the matching
efficiency with the ToF Barrel. Possible systematic bias on
the measured K−/K+ ratio was estimated using a Monte
Carlo simulation in which the full detector response was
modelled with the GEANT package [15]. The simulated
data were analysed in the same way as the experimental
data. Comparing the output of the simulation to its input,
the final K−/K+ ratio was found to be overestimated by
15%, independently of transverse momentum and rapidity.
This effect is attributed to different efficiencies of the track
finding for positively and negatively charged particles due
to the geometry of the CDC. A similar asymmetry of the
efficiency was reported in [16] for pi+ and pi−-mesons. All
data points shown in the following figures are corrected for
this systematic bias, i.e., all ratios are reduced to 87% of
the directly measured value. Furthermore, the systematic
uncertainties due to the identification criteria (< 30%)
and the background contamination (< 20%) were esti-
mated by varying the conditions that were imposed on
track parameters in order to select K+ and K−-mesons.
These systematic errors are depicted by light-grey shaded
areas in fig. 2 and 3. The systematic distortion due to the
nuclear scattering of K−-mesons in the target material is
neglected, since for the targets used in the experients (1%
interaction length in the beam direction and a transverse
diameter of about 12 mm), this interaction probability is
estimated to be below 3%.
Since produced particles, and especially kaons, are
found to be emitted almost isotropically in the c.m. sys-
tem [12], we plot in fig. 2 the K−/K+ ratio as a function
of the kinetic energy in the c.m. reference frame (Ekincm )
for both the Ru+Ru/Zr (a) and the Ni+Ni (b) experi-
ments. The polar-angle range 150◦ < Θcm < 165
◦ has
been chosen since there the kinetic-energy acceptance is
largest (see fig. 1.b). We observe that the ratio rises to-
wards small Ekincm .
In order to test whether the effect can be caused by
the electric field of the hadronic fireball formed in the
collision, we performed numerical calculations following
the studies on the influence of the Coulomb potential on
charged-particle spectra reported in [17]. We followed the
propagation of K− and K+-mesons in an electric field of
a net charge Z, which was originally homogeneously dis-
tributed in a sphere of a radius Rf , and expanded radi-
ally with a flow velocity βrad. Initially, the K
− and K+-

























Fig. 3. The K−/K+ ratio as a function of y(0) in the Ru+Ru/Zr (left) and Ni+Ni (right) experiments. The light-grey shaded
areas correspond to the estimate of systematic errors. The lines depict predictions of the RBUU transport model with different
strength U(ρ = ρ◦) of the in-medium (anti)kaon potentials at normal nuclear matter density. The results are filtered through
the geometrical acceptance of the detector.
mesons were evenly distributed within the expanding vol-
ume, and had identical energy spectra that corresponded
to an isotropic emission from a midrapidity source with a
temperature Tf . The yields of K
− and K+-mesons were
arbitrarily normalized in order to allow a direct compar-
ison with the experimental data. The parameters of the
simulation (total charge Z, expansion velocity βrad, tem-
perature Tf , and radius Rf ) were varied in a reasonable
range in order to model possible freeze-out conditions. The
dark-grey shaded areas in fig. 2 correspond to the results
obtained with different sets of parameters. Comparing this
to the data, we conclude that the influence of the Coulomb
potential of the net positive charge of colliding ions on the
K−/K+ ratio is too small to account for the observed rel-
ative narrowing (widening) of the K− (K+)-meson final-
state phase-space distributions.
In fig. 3 we plot the K−/K+ ratio as a function of y(0),
i.e., in the direction parallel to the beam axis. The result is
biased by the detector acceptance but has the best statis-
tical significance, which is given by the error bars attached
to the data points. We observe that the K−/K+ ratio rises
towards midrapidity. How representative the trend in the
data is for the unbiased rapidity density distribution de-
pends on the variation of the ratio as function of transverse
momentum for fixed rapidity. For a meaningful compari-
son with the model predictions (see below), an acceptance
filter was applied to the results of the model, taking into
account the angular boundaries and the maximum labora-
tory momentum. The distortion due to acceptance turned
out to be smaller than 20% in the case of the rapidity de-
pendence of the ratio shown in fig. 3. The kinetic-energy
dependence of the ratio presented in fig. 2 is not biased
by the acceptance in the considered range of Ekincm .
Since the elementary reaction threshold is higher
for K− than it is for K+-mesons (2.5 and 1.6 GeV
respectively), one might expect that at the time of
production, the average kinetic energies are lower for
K− than for K+-mesons. However, when the incident
beam energy is far below threshold, the production of
K− is dominated by channels involving intermediate
baryon resonances and/or pions. According to Relativistic
Boltzmann-Uehling-Uhlenbeck (RBUU) transport-model
calculations [18,19], owing to this mechanism the initial
momentum-space distribution of K−-mesons is even wider
than that of K+-mesons. In addition, particles are further
rescattered, which tends to equalize their phase-space dis-
tributions. The solid lines in fig. 2 and 3 show the values
of the K−/K+ ratio predicted by the RBUU transport
model [19] when describing the kaon scattering in a fash-
ion consistent with the free particle properties. No signif-
icant dependence of the ratio on y(0) and Ekincm is found,
which results in a manifest contradiction to the data. The
same conclusion has been drawn with another realization
of a RBUU-type model [18].
Finally, we try to explain the variation of the K−/K+
ratio in the phase space by in-medium modifications of
kaon properties. Dashed and dotted lines in fig. 2 and 3
show the values of the ratio predicted by the RBUU model
when in-medium effects are taken into account by a linear
dependence of the in-medium potential on density [19].
Two scenarios with different strength U(ρ = ρ◦) of the
in-medium kaon potentials at the normal nuclear matter
density are presented.
The attractive K− potential influences the results
shown in fig. 2 and 3 in a systematic fashion: with increas-
ing depth of the K− potential, the K−/K+ ratio increases
on average, and in addition the slope of the ratio with re-
spect to rapidity and kinetic energy rises. While the first
effect is caused by the corresponding drop of the effec-
tive mass, the rapidity and kinetic-energy dependencies
are generated by the forces originating from the gradients
of the potentials. Similar observations have been made on
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the pt-dependence of the K
−/K+ ratio [20]. Varying the
repulsive potential for K+-mesons does not modify the ra-
tios significantly, as also shown in [18]. It has to be noted,
however, that the calculations presented above underesti-
mate the production yield of K+ in the Ni+Ni collisions
by a factor of two, while with very similar parameters
(U(ρ = ρ◦) = +20 MeV for K
+-mesons the production
rate is reproduced in [21]. Despite this discrepancy, in-
medium modifications of kaon masses are presently the
only mechanism explaining the trends found in the data.
Recently very similar observations of the K−/K+ ra-
tios in heavy-ion collisions have been obtained at AGS
energies (11.6 A GeV) [22]. Discrepancies to transport-
model calculations were interpreted as signal for multi-
body collisions owing to the very high densities that are
reached in this energy regime. While the sensitivity of
kaon-production ratios to in-medium properties is en-
hanced in the vicinity of the elementary reaction thresh-
olds, it remains to be seen by careful model analysis
whether both mechanisms can be clearly separated.
In summary, we measured the ratio of K− to K+-meson
yields as a function of different kinematic variables in the
experiments 96Ru + 96Ru96/Zr at 1.69 A GeV and 58Ni
+ 58Ni at 1.93 A GeV incident beam kinetic energy. We
found the K−-mesons final-state phase-space distribution
to be narrower than that of K+-mesons. It is unlikely that
this effect is due to the different kinematical conditions
of meson production or to the influence of the Coulomb
potential of the net positive charge of colliding ions on
meson propagation. However, it can be explained when
assuming modifications of kaon properties in a dense nu-
clear medium. Theories that implement and exploit chi-
ral symmetry breaking patterns of QCD argue that these
modifications are a consequence of the restoration of the
symmetry in a hot and dense nuclear matter [4]. How-
ever, the drop of the K− effective mass can be also ex-
plained as an effect of the in-medium modifications of the
Λ(1405) spectral function due to the Pauli blocking of the
proton [23]. In addition, it was suggested in [24] that in
heavy-ion experiments the chaotic as well as the coherent
movement of the baryonic matter may additionally mask
the influence of the in-medium potential on the measured
antikaon yields. In order to address the outstanding prob-
lems, more systematic studies of various systems and en-
ergies and with a better acceptance is needed. A further
theoretical clarifications of the origin of the in-medium
effects on kaons is also necessary.
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✹✝✄✾▼❑❘✛❍✔❄✫✷✩✳✟✸✤✹✛❃✟●✔❁✶❘✲❍■✷✤▼❑✳✶✷✤✵✰✼✔❃ ❍✾✿★P◆✵■❍✍✌✛✸✩✹✟✞✡✠☞☛✍✌ ●✔❄✰❁ ✿✾✼ ✴ ❄✰▼❑✳✶✹❀✿✔❁
4.5
❲✤✮ ✏✡☛✲❨ ✯
✮✒✏■✯ ✷ ✹❚❁❂❘❀◗✡✷✩P◆✹❏❍ ✰ ❘✛✼✾✹❀❁❂◗✰✷✤✹ ●✦✵✰✿✾❁❂❁❅❄✫✷✩✳ ❍■✵✡✼✔▼▲▼❀✵✰❁❂❁✶✹✲❃❱●✦✵✰✼✔❍✾❁✶✹▲✺ ✸✲✰ ✿✾✼✾✷❊❙❯✿✾✹❏❁✶❘✛◗✰✷✤✵✰✼ ❍■✿★❍■✷✤❄✰◗✰❁❅❄✫P◆P◆✹▲❍■✹❏●✾❖✔❄✡❃❱✹✲❃ ✵✏✎
✸✤❄❏●✾❁❂✵■❍■✿✔▼ ✳❂✷✩✵✡✼☞❍ ✰ ❘❀✳✶❁❅❄✫✼✾◗✡✹❑✳❂❘ ●✦✹❀✿■✳✠✆ ✎❀✳✶❁❂✹ ❍■❘✛▼❀❁✶✷✩✳✶✹✟●✔❄✰❁✴✸✩✹✲❃✘P◆✵ ❍✞✌❀✸✤✹✛❃✴❍■✹✟✳❂❁❂❄✰✼✔❃❱●✦✵✰❁✶✳✴❃✶❄✰✼✔❃✘✷✩✼ ✓✡✵ ❙❯✿✾✹✛❁✞✠ ✼✾✷✔✸✩✹✟●✔❄✡❃✶❃❂❄✫◗✡✹











































































































































































































































































E895 Au+Au 6 AGeV
E810 Si+Au 14.6 AGeV
NA57 Pb+Pb 40/158 AGeV
NA49 Pb+Pb 158 AGeV
STAR Au+Au
RQMD Au+Au 6 AGeV
ART  Au+Au 6 AGeV
UrQMD Au+Au 6 AGeV
RVUU Ni+Ni 1.93 AGeV
Therm. Ni+Ni 1.93 AGeV
✁✄✂✆☎✞✝ ✙
❍




✹✩✓✜✛ ✙✘✮✯✗✘✗✏❀✜✓✜✛ ✓❲❊✰✢ ❀✦✤✭✧❂✥✶✓✦✗❘✼✵☞✍✹✩✓✜✛ ✓✦✼
✹✩✓✜✛ ✢✘✤✒❀✜✙✰✧✩✎✦✼✭✧✩✮✯✗✏✛ ✙✰✧✩✛✒✎✦✌✘✼✒❀✜✓✜✛☛✙✏☞✍✗✏✛
✹✩✓☛✼✒✓❲❊✰✼✒✓✴❈✞❢✣✓☛✑✸☞✍✌✘✼ ✓✦✗ ❜✸☞✯✛ ☎✣✹✩✓✜✛
















































































































































































































































































































































































































































































































































































































56 · 106 ❍
●
❏

















Ξ− → Λ + π− (100%)




















































































































































cmass (GeV/c2) [−0.5 : 0] [0.59 : 1.39] [−0.5 : 0]
nhit > 24 > 24 > 24
pt (GeV/c) > 0.1 > 0.3 > 0.1
|d0| (cm) [2 : 20] [0.5 : 5] [0.3 : 10]
z0 (cm) [−50 : 50] [−50 : 50] [−50 : 50]
✥ ✦ ✧❃✝❱✙
❍


























































































































































































































































































































































|minvv0 − 1.116| < 0.01 GeV/c2
6 < dxy02 < 35 cm
|d0v0| < 5 cm ➶ |dphiv0| < 20◦
|dvzp1p2| < 30 cm
0 < dxy01 < 15 cm
|d0xi| < 0.5 cm
|dphixi| < 15◦
|dvzv0p3| < 30 cm
✥ ✦ ✧❃✝❦✙
❍ ●









































































































































































































































































































































































































































































































































































































































































































































































































































































  ✁  ✆✁ ✄












































































































✓✦✗ ✼✭✤✵☞✍✧❂✼●✢✘✹✩✓✦✧❂✗ ✟❩✓✦✼ ❜✘✤✭✌✘✧❂✼●✙✘✓ ❨ ✮✯✗✏✙✷✎✜✮✯✥❥❜✘✧❂✗✸☞✍✼✒✮✯✧❂✤✒✓❫✓✜✛✭✼✭✧❂✥✶❀❱✢✸☞✍✤●✹✲☞❳✥✶❀✦✼✭✑✏✮◗✙✘✓❱✙✘✓✜✛●❀✦✪✬❀✦✗✏✓✦✥✶✓✦✗✾✼✒✛❋✥✶❀✦✹✲☞✍✗✘✳✬❀✜✛
✝ ✎✦✤✒✮✯✧✐❊ ✟❲❈●◆❖☞ ✙✘✓✦✌✰❊◗✧✩★✦✥✶✓ ✙✰✧✩✛✭✼✭✤✭✧❂❜✘✌✘✼✭✧✩✮✯✗ ✓✜✛✭✼✷✗✏✮✯✤✭✥✻☞✍✹❂✧✩✛✒❀✜✓
✁
✹✲☞ ✢✘✤✒✓✦✥✚✧✩★✦✤✒✓ ✙✏☞✍✗✏✛ ✹ ☎ ✧❂✗✾✼✒✓✦✤✭✪✴☞✍✹❂✹✩✓ ✓✦✗ ✥✻☞✯✛✒✛✵✓
1.4 < imass < 1.7 GeV/c2







✛✭✧❂✳✴✗✸☞✍✹❃✓✜✛✒✼✷☞✆☎❯✌✏✛✭✼✒❀✻✢✸☞✍✤ ✌✘✗✏✓✻✳✾☞✍✌✏✛✵✛✭✧✩✓✦✗✘✗✏✓✻✤✒✓✦✢✘✤✒❀✜✛✵✓✦✗✾✼✒❀✜✓ ✛✭✌✘✤✷✹✲☞ ❤✏✳✴✌✘✤✒✓✴❈❋◆❖☞ ✡✸★✜✎✵✑✏✓ ✓✦✗ ✼✭✧❂✤✒✓✦✼✒✛ ✧❂✗✏✙✰✧ ✂✾✌✏✓
✹✲☞✚✪✴☞✍✹✩✓✦✌✘✤P✥✶✮❁❛✬✓✦✗✘✗✏✓✽✙✘✓❥✹✲☞✽✳✾☞✍✌✏✛✒✛✭✧✩✓✦✗✏✓✴❈ ◆❖☞✚✪✴☞✍✹✩✓✦✌✘✤P✥✶✮▲❛✬✓✦✗✘✗✏✓ ✓✦✼✄✹✲☞✚✹✲☞✍✤✭✳✬✓✦✌✘✤✣✙✘✓✫✹✲☞✽✳✾☞✍✌✏✛✵✛✭✧✩✓✦✗✘✗✏✓✄☎ ☞✍✧❂✗✏✛✒✧



















































✞✡✁☎❘➎❯ ☛✏✑ ✠ ✠✬❚☎☛✌➶❱❏✟✑✂➁✡❘❨➐✎❚
➂
➚✏❏✟✠✎❚❱❯❲❘❨✑✟❚❱❯










































































































































































































































































































✙✎✙ ✟ ✡✞☞✍✌✏✎✵✑✏✓✕✔ ✎✜✮✯✥✚✥✶✓ ✢✖✮✯✌✘✤✶✹✲☞ ❤✏✳✴✌✘✤✒✓ ❄✴❈❂❄
❧
✳✾☞✍✌✏✎✒✑✏✓ ✥✻☞✍✧✩✛✠☞✜✪✬✓✜✎ ✹✲☞ ✎✜✮✯✗✏✙✰✧❂✼✭✧✩✮✯✗
0.01 <
|minvv0− 1.116| < 0.02 GeV/c2
☞✍✌ ✹❂✧✩✓✦✌ ✙✘✓
|minvv0| < 0.01 GeV/c2
❈ ❢■✤✒✮✯✧❂✼✒✓✕✔ ✎✜✮✯✥✚✥✶✓ ✢ ✮✯✌✘✤
✹✲☞✽❤✏✳✴✌✘✤✒✓✶❄✴❈❂❄
❧


















































































✮ ✌✾✯ ✮ ❄✽●✾❁❂❘✛❃✶✹❀✼✔▼❀✹ ❍✾✹
K0
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✟ ❉✕❊✰✓✦✥✚✢✘✹✩✓✜✛■✙✘✓✫✙✰✧✩✛✭✼✭✤✭✧❂❜✘✌✘✼✭✧✩✮✯✗✏✛■✙✘✓✞✪✴☞✍✤✭✧✲☞✍❜✘✹✩✓✜✛❴✌✘✼✭✧❂✹❂✧✩✛✒❀✜✓✜✛P✢ ✮✯✌✘✤❴✹✲☞✚✤✒✓✜✎✜✮✯✗✏✛✭✼✭✤✭✌✏✎✦✼✭✧✩✮✯✗ ✙✰✌
Ξ−
✎✜✮✯✥✚✥✶✓ ✓❲❊◗✢✘✹❂✧ ✂❘✌✏❀❥✙✏☞✍✗✏✛P✹✩✓✫✼✒✓❲❊✰✼✒✓✴❈✏◆❩✓ ✛✭✧❂✳✴✗✸☞✍✹❖✧✩✛✒✛✒✌❣✙✘✓✫✹✲☞✚✛✭✧❂✥ ✌✘✹✲☞✍✼✭✧✩✮✯✗ ✝ ✑✘✧✩✛✒✼✒✮✯✳✴✤✵☞✍✥✚✥✶✓✜✛■✓✦✗ ✼✭✧❂✤✒✓✦✼✒✛ ✟❳✓✜✛✭✼
✎✜✮✯✥✚✢✸☞✍✤✒❀ ☞✍✌❣❜✘✤✭✌✘✧❂✼P✙✘✓■❨✆✮✯✗✏✙ ✧✩✛✒✛✭✌❣✙✘✓✜✛❴✙✘✮✯✗✘✗✏❀✜✓✜✛ ✝ ✑✘✧✩✛✭✼✒✮✯✳✴✤✵☞✍✥✚✥✶✓✜✛P✓✦✗❣✼✭✤✵☞✍✧❂✼✒✛❴✢✘✹✩✓✦✧❂✗✏✛ ✟❲❈ ✟❘✧❂✳✴✗✸☞✍✹❖✓✦✼❳❜✘✤✭✌✘✧❂✼
✙✘✓✞❨ ✮✯✗✏✙ ✛✒✮✯✗❘✼P✓❲❊✰✼✭✤✵☞✍✧❂✼✒✛❴✙✏☞✍✗✏✛❴✹ ☎ ✧❂✗❘✼✒✓✦✤✭✪✯☞✍✹❂✹✩✓ ✓✦✗ ✥✻☞✯✛✒✛✒✓















































































































































































































































































































✟☛◆❖☞✍✤✭✳✬✓✦✌✘✤ ✝ ✳✾☞✍✌✏✎✒✑✏✓✠✟❥✓✦✼✫✧❂✗✾✼✒✓✦✗✏✛✒✧❂✼✒❀ ✝ ✙✰✤✒✮✯✧❂✼✒✓✠✟✫✙✰✌ ✛✭✧❂✳✴✗✸☞✍✹ ✓❲❊✰✼✭✤✵☞✍✧❂✼ ✙✘✓✜✛ ✙✘✮✯✗✘✗✏❀✜✓✜✛✞✝ ✎✜✓✦✤✒✎✦✹✩✓✜✛
✢✘✹✩✓✦✧❂✗✏✛ ✟✣✓✦✼✫✙✘✓✚✹✲☞ ✛✭✧❂✥ ✌✘✹✲☞✍✼✭✧✩✮✯✗ ✝ ✎✜✓✦✤✒✎✦✹✩✓✜✛ ✟✞✓✦✗ ❨ ✮✯✗✏✎✦✼✭✧✩✮✯✗ ✙✆☎ ✌✘✗ ✛✒✓✦✌✘✧❂✹✕✥✚✧❂✗✘✧❂✥❥✌✘✥ ✛✭✌✘✤✫✹✩✓✜✛✣✪✴☞✍✤✭✧✲☞✍❜✘✹✩✓✜✛
d01








❈✖◆ ☎ ✧❂✗❘✼✒✓✦✗✏✛✭✧❂✼✒❀✻✙✰✌ ✛✭✧❂✳✴✗✸☞✍✹❋✧✩✛✒✛✒✌ ✙✘✓
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✮✰✯ ✷ ✵✰P◆P◆✹☞P◆✹❀✼❯✳✶✷✤✵✰✼✾✼✔❘ ❍✾❄✫✼✔❃✻✸✲✰ ✷✩✼❯✳❂❁✶✵■❍■✿✔▼❑✳✶✷✤✵✰✼ ✠ ✸✤❄✧P◆✷❊❃❱✹☞✹✛✼ ❘ ✓ ✷✤❍■✹✛✼✔▼❑✹ ❍✾✿ ✠☎✄☞✆ ❍✾❘❀●✔❄✡❃✶❃✶✹◆✸✩✹ ▼✛❄✰❍■❁❂✹☞❃ ✳❂❁✶✷❊▼ ✳
❍ ✰ ✿✔✼☞✳✶✹✲❃ ✳✟❍■✹ ✸❊❄ ✠ ✷ ✌☎✹✛✼☞❁❂❄✰✷✤❃✶✵✰✼☞❍■✹❏❃❱✹✲❃✴✷✤P✽●✔✸✩✷❊▼❀❄✫✳✶✷✤✵✰✼✔❃ ✹❀✼ ❄✡❃ ✳❂❁✶✵✡●✾❖ ✟ ❃✶✷❊❙✡✿✔✹ ❇ ✸✩✹❏▼❑✵ ✹❀✿✔❁ ❍■✹✲❃ ❘❑✳❂✵✰✷✤✸✩✹✲❃ ✺ ✼✔✹❀✿■✳❂❁✶✵✡✼✔❃❂❋




































































































































































































































































































































































































































































































T4 +B P = 37
π2
90



























































































































































































2))1/4B1/4 ∼ 0.72B1/4 ∼ 150 MeV ❍
T4
P




















Tc = (173 +/- 15) MeV 
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εc = 0.7 GeV/fm
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p - p(d)  NA51
p - A     NA38
S - U     NA38
Pb - Pb 1996
Pb - Pb 1996 with Minimum Bias
Pb - Pb 1998 with Minimum Bias
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Transverse momentum pt (GeV/c)
v 2
  /n (GeV/c)p
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a 20 GeV  S is stopped.
Suppression is very strong (R =0.2!) and flat up to 20 GeV/c
Theory curves from:
should be 
described within same 
theoretical framework 
provides a more stringent 
results from 
reliminary results 





datasets where they overlap
 C
but the rapidity window differs
✁✄✂✆☎✞✝➾➪
❍ ❑



























































































































































































































































































































































































































































☛✾✯ ✮✱✰ ❘❀✼✾✹✛❁✶◗✡✷✩✹ ✳✶✵✫✳❅❄✫✸✤✹ ❍■❘✛✸✩✷✔✓ ❁✶❘✛✹☞●✔❄✫❁ ✸✩✹✲❃ ✴ ❄✫✷❊❃❂▼❑✹✛❄✰✿✍✄ ❍■✹ ✆ ✸✤✵✰P✖✓✎❄✫✿ ✮ ✂✶✷ ✹✛❃❱✳ ❁❂✹❀✸❊❄❆✳❂✷ ✓✡✹❀P◆✹❀✼❯✳ ✷✤P◆●✖✵✡❁❱✳❅❄✫✼❯✳✶✹ ✺
✸✲✰ ❘✛▼❅❖✾✹✛✸✩✸✤✹ P☞❄✰▼❀❁✶✵❯❃✶▼❀✵✰●✾✷❊❙❯✿✾✹✽❇
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s (GeV) 17 200 5500
dNch/dy|y=0 500 850 2000− 4000
τ 0QGP (fm/c) 1 0.2 0.1
TQGP/Tc 1.1 1.9 3.0− 4.2
ε (GeV/fm3) 3 5 15− 60
τQGP (fm/c) ≤ 2 2− 4 ≥ 10
τf (fm/c) ∼ 10 20− 30 30− 40
Vf (fm
3) ∼ 103 ∼ 104 ∼ 105
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τQGP ≥ 10 fm/c






τf ∼ 10 fm/c
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Abstract. Perspectives for measurements of quarkonia and heavy flavors in heavy ion collisions at the LHC
are reviewed.
1 Quarkonia and heavy flavors:
what is different at the LHC
With a nucleus-nucleus center-of-mass energy nearly 30
times larger than the one reached at RHIC, the LHC will
open a new era for studying the properties of strongly
interacting matter at extreme energy densities [1]. One
of the most exciting aspects of this new regime is the
abundant production rate of hard probes which can be
used, for the first time, as high statistics probes of the
medium [2]. Futhermore, heavy flavor measurements at
the LHC should provide a comprehensive understanding
of open and hidden heavy flavor production at very low x
values, where strong nuclear gluon shadowing is expected.
The heavy flavor sector at LHC energies is subject to other
significant differences with respect to SPS and RHIC ener-
gies. First, the large production rate offers the possibility
to use a large variety of observables. Then, the magnitude
of most of the in-medium effects is dramatically enhanced.
Some of these aspects are discussed hereafter.
1.1 New observables
The Table 1 shows the number of cc¯ and bb¯ pairs pro-
duced in central A-A collisions at SPS, RHIC and LHC.
From RHIC to LHC, there are 10 times more cc¯ pairs
and 100 times more bb¯ pairs produced. Therefore, while
at SPS only charmonium states are experimentally acces-
sible and at RHIC it remains to be seen how much of the
bottom sector can be explored, at the LHC both charmo-
nia and bottomonia can be used, thus providing powerful
probes for Quark Gluon Plasma (QGP) studies. In fact,
since the Υ (1S) state only dissolves significantly above the
critical temperature [3], at a value which might only be
reachable above that of RHIC, the spectroscopy of the Υ
family at the LHC should reveal unique characteristics of
the QGP [4]. In addition to the centrality dependence of
the Υ yield, the study of the Υ ′/Υ ratio versus transverse
a e-mail: Philippe.Crochet@clermont.in2p3.fr
Table 1. Number of cc¯ and bb¯ pairs produced in central heavy-
ion collisions (b = 0) at SPS (Pb-Pb), RHIC (Au-Au), and
LHC (Pb-Pb) energies. bb¯ production is negligible at the SPS
SPS RHIC LHC
N(cc¯) 0.2 10 130
N(bb¯) – 0.05 5
momentum (pT) is believed to be of crucial interest [4]
(see below).
On the other hand, studies with open heavy flavors
also benefit from high statistics measurements. In par-
ticular, as shown in the following, the reconstruction of
the pT distribution of D
0 mesons in the hadronic chan-
nel should provide valuable information on in-medium in-
duced c quark energy loss.
1.2 Large quarkonium nuclear absorption
Charmonium measurements at the SPS have shown that a
detailed understanding of the normal nuclear absorption is
mandatory in order to reveal any anomalous suppression
behavior [5]. According to [2], the following observations
can be made:
– the J/ψ nuclear absorption in central Pb-Pb collisions
is two times larger at the LHC than at the SPS;
– the J/ψ nuclear absorption in central Ar-Ar collisions
at the LHC is similar to the one in central Pb-Pb col-
lisions at the SPS;
– the Υ nuclear absorption in central Pb-Pb collisions at
the LHC is similar to the J/ψ nuclear absorption in
central Pb-Pb collisions at the SPS.
1.3 Large resonance dissociation rate
It has been realized that, in addition to the normal nu-
clear absorption, the interactions with comoving hadrons
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and the melting by color screening, quarkonia can also be
significantly destroyed by gluon ionization [6]. Since this
mechanism results from the presence of quasi-free gluons,
it starts being effective for temperatures above the criti-
cal temperature but not necessarily above the resonance
dissociation temperature by color screening. Recent esti-
mates [2] (see [7] for an update) of the quarkonium disso-
ciation cross-sections show that none of the J/ψ mesons
survives the deconfined phase at the LHC and that about
80% of the Υ are destroyed. Significant information about
the initial temperature and lifetime of the QGP should be
extracted from the Υ suppression pattern.
1.4 Large charmonium secondary production
An important yield of secondary charmonia is expected
from B meson decays [8], DD annihilation [9], statistical
hadronization [10] and kinetic recombination [11]. Con-
trary to the two first processes, the two last ones explic-
itly assume the formation of a deconfined medium. The
underlying picture is that charmonium resonances form
by coalescence of free c and c¯ quarks in the QGP [11] or
at the hadronization stage [10]. According to these models,
the QGP should lead to an increase of the J/ψ yield ver-
sus centrality, roughly proportional to N2(cc¯), instead of a
suppression. Due to the large number of cc¯ pairs produced
in central heavy ion collisions at the LHC, these models
predict a spectacular enhancement of the J/ψ yield; up to
a factor 100 relative to the primary production yield [2,
12]. Although the statistical accuracy of the present RHIC
data cannot confirm or rule out such mechanisms [13], it
is interesting to extrapolate from secondary charmonium
production at RHIC to secondary bottomonium produc-
tion at the LHC. Indeed, the expected multiplicity of bb¯
pairs at the LHC is roughly equal to the expected mul-
tiplicity of cc¯ pairs at RHIC (Table 1). Therefore, if sec-
ondary production of charmonia is observed at RHIC, it is
conceivable to expect the same formation mechanism for
bottomonium states at the LHC.
1.5 Complex structure of dilepton yield
The dilepton mass spectrum at the LHC exhibits new fea-
tures, illustrated in Fig. 1. It can be seen that, with a
low pT threshold of around 2 GeV/c on the decay lep-
tons, unlike-sign dileptons from bottom decay dominate
the dilepton correlated component over all the mass range.
These dileptons have two different origins. In the high in-
variant mass region, each lepton comes from the direct
decay of a B meson (the so-called BB-diff channel). In
the low invariant mass region, both leptons come from
the decay of a single B meson via a D meson (the so-
called B-chain channel). Next to leading order processes,
such as gluon splitting, also populate significantly the low
mass dilepton spectrum due to their particular kinemat-
ics. Then, as discussed in more detail below, a substantial
fraction of the J/ψ yield arises from bottom decays. Fi-
nally, a sizeable yield of like-sign correlated dileptons from
 [GeV]µµM

















 PbPb, 0 < b < 3 fm
Fig. 1. Invariant mass spectra of dimuons produced in central
(b < 3 fm) Pb-Pb collisions in the ALICE forward muon spec-
trometer [14], with a pT cut of 2 GeV/c applied to each single
muon. The lines correspond to: like-sign correlated dimuons
from bottom (dotted); unlike-sign correlated dimuons from
bottom (dashed) and charm (dash-dotted); unlike-sign corre-
lated and non-correlated pairs (solid)
bottom decays is present. This contribution arises from
the peculiar decay chain of B mesons and from B meson
oscillations (see below). Its yield could be even larger than
the yield of unlike-sign correlated dileptons from charm.
2 The LHC heavy ion program
The LHC will be operated several months per year in pp
mode and several weeks in heavy-ion mode. The corre-
sponding effective time for rate estimates is 107 s for pp
and 106 s for heavy-ion operation. As described in [1],
the “heavy-ion runs” include, during the first five years
of operation, one Pb-Pb run at low luminosity, two Pb-
Pb runs at high luminosity, one p-A run and one light-ion
run. In the following years different options will be con-
sidered, depending on the first results. Three of the four
LHC experiments are expected to take heavy-ion data.
2.1 ALICE
ALICE (A Large Ion Collider Experiment) is the only
LHC experiment dedicated to the study of nucleus-nucleus
collisions [15]. The detector is designed to cope with large
charged particle multiplicities which, in central Pb-Pb col-
lisions, are expected to be between 2000 and 8000 per
unit rapidity at mid rapidity. The detector consists of
a central barrel (|η| < 0.9), a forward muon spectrom-
eter (2.5 < η < 4) and several forward/backward and
central small acceptance detectors. Heavy flavors will be
measured in ALICE through the electron channel and the
hadron channel in the central barrel as well as through
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the muon channel in the forward region. Note that, con-
trary to the other LHC experiments, ALICE will be able
to access most of the signals down to very low pT.
2.2 CMS
CMS (Compact Muon Solenoid) [16] is designed for high
pT physics in pp collisions but has a strong heavy ion
program [17]. This program includes jet reconstruction,
quarkonia measurements (in the dimuon channel) and
high mass dimuon measurements. The detector accep-
tance, for quarkonia measurements, ranges from −2.5 to
2.5 in η, with a pT threshold of 3 GeV/c on single muons.
Such a pT cut still allows the reconstruction of Υ states
down to pT = 0 but limits J/ψ measurements to high pT.
2.3 ATLAS
Like CMS, ATLAS (A Toroidal LHC ApparatuS) [18]
is designed for pp physics. The detector capabilities for
heavy ion physics have been investigated recently [19]. As
far as heavy flavors are concerned, the physics program
will focus on measurements of b-jets and Υ . The detector
acceptance for muon measurements is large in η (|η| < 2.4)
but, like CMS, is limited to high pT.
3 Selected physics channels
3.1 Quarkonia
3.1.1 Centrality dependence of resonance yields
The centrality dependence of the quarkonium yield, in the
µµ channel, has been simulated in the ALICE detector.
From the results, displayed in Table 2, the following com-
ments can be made. The statistics of J/ψ events is large
and should allow for narrower centrality bins. The ψ′ mea-
surement is rather uncertain, because of the small signal
to background ratio (S/B). The Υ and Υ ′ statistics and
significance are quite good and the corresponding S/B ra-
tios are almost always greater than 1. On the other hand,
the Υ ′′ suffers from limited statistics. The resonances will
also be measured in the dielectron channel in ALICE [20],
and in the dimuon channel in CMS [17] and ATLAS [19],
providing consistency cross-checks and a nice complemen-
tarity in acceptance. A recent study [21] demonstrated
the capabilities of ALICE to measure the resonance az-
imuthal emission angle with respect to the reaction plane.
Such measurements are of particular importance given the
latest RHIC results on open charm elliptic flow [22].
3.1.2 Υ ′/Υ ratio versus pT
The pT dependence of resonance suppression was recog-
nized very early as a relevant observable to probe the
characteristics of the deconfined medium [23]. Indeed, the
Table 2. Preliminary yield (S), signal over background (S/B)
and significance (S/
√
S + B) for quarkonium resonances mea-
sured versus centrality in the ALICE forward muon spectrome-
ter [14]. The input cross-sections are taken from [2]. Shadowing
is taken into account. Any other suppression or enhancement
effects are not included. The numbers correspond to one month
of Pb-Pb data taking and are extracted with a 2σ mass cut
b (fm) 0-3 3-6 6-9 9-12 12-16
S (×103) 86.48 184.6 153.3 67.68 10.46
J/ψ S/B 0.167 0.214 0.425 1.237 6.243
S/
√
S + B 111.3 180.4 213.8 193.4 94.95
S (×103) 1.989 4.229 3.547 1.565 0.24
ψ′ S/B 0.009 0.011 0.021 0.063 0.273
S/
√
S + B 4.185 6.902 8.604 9.641 7.171
S (×103) 1.11 2.376 1.974 0.83 0.118
Υ S/B 2.084 2.732 4.31 7.977 12.01
S/
√
S + B 27.39 41.71 40.03 27.16 10.42
S (×103) 0.305 0.653 0.547 0.229 0.032
Υ ′ S/B 0.807 1.043 1.661 2.871 4.319
S/
√
S + B 11.68 18.26 18.48 13.02 5.077
S (×103) 0.175 0.376 0.312 0.13 0.019
Υ ′′ S/B 0.566 0.722 1.18 1.936 3.024
S/
√
S + B 7.951 12.55 13 9.274 3.73
pT suppression pattern of a resonance is a consequence
of the competition between the resonance formation time
and the QGP temperature, lifetime and spatial extent.
However, quarkonium suppression is known to result not
only from deconfinement but also from nuclear effects like
shadowing and absorption. In order to isolate pure QGP
effects, it has been proposed to study the pT dependence
of quarkonium ratios instead of single quarkonium pT dis-
tributions. By doing so, nuclear effects are washed out, at
least in the pT variation of the ratio
1. Following the ar-
guments of [4], the capabilities of the ALICE muon spec-
trometer to measure the pT dependence of the Υ
′/Υ ratio
in central (10%) Pb-Pb collisions have been recently in-
vestigated [24]. Two different QGP models with different
system sizes were considered. The results of the simula-
tions (Fig. 2) show that, with the statistics collected in
one month of data taking, the measured Υ ′/Υ ratio ex-
hibit a strong sensitivity to the characteristics of the QGP.
Note that in the scenario of the upper right panel of Fig. 2
the expected suppression is too large for any measurement
beyond the pT integrated one.
3.1.3 Secondary J/ψ from bottom decay
A large fraction of the J/ψ yield arises from the decay of B
mesons. The ratio N(bb¯→ J/ψ)/N(direct J/ψ) can be de-
1 Using ratios has the additional advantage that systematical
detection inefficiencies cancel out to some extent.
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Fig. 2. Υ ′/Υ ratio versus pT for two different QGP models with different system sizes [24]. The solid curves correspond to the
“theoretical ratios”. The triangles show the expected measurements with the ALICE forward muon spectrometer in one month
of central (10%) Pb-Pb data taking (the open triangles correspond to the pT integrated ratios). Error bars are of statistical
origin only. The horizontal solid lines show the expected value of the ratio in pp collisions. More details on the ingredients used
in the different scenarios can be found in [4]
termined as follows. The number of directly produced J/ψ
in central (5%) Pb-Pb collisions is 0.31 [2]2. The corre-
sponding number of bb¯ pairs (with shadowing) amounts to
4.56 [2]. The b→ J/ψ branching ratio is 1.16± 0.10% [8].
Therefore N(bb¯ → J/ψ)/N(direct J/ψ) = 34% in 4pi.
These secondary J/ψ mesons from b decays, which are not
QGP suppressed, must be subtracted from the measured
J/ψ yield prior to J/ψ suppression studies3. They can fur-
ther be used in order to measure the b cross-section in pp
collisions [25], to estimate shadowing in p-A collisions and
to probe the medium induced b quark energy loss in A-A
collisions. Indeed, it has been shown [26] that the pT and η
distributions of those J/ψ exhibit pronounced sensitivity
to b quark energy loss. In addition, a comparison between
high mass dileptons and secondary J/ψ distributions could
clarify the nature of the energy loss [26].
Due to the large life-time of B mesons, J/ψ from bot-
tom decay is the only source of J/ψ not coming from
the primary vertex4. The best way to identify them is,
therefore, to reconstruct the invariant mass of dileptons
2 Including shadowing and no feed-down from higher states.
3 In addition, 1.5% of B mesons decay into χc1(1P ) which
subsequently decay into γJ/ψ with a 31% branching ratio [8].
4 J/ψ from statistical hadronization, kinetic recombination
and DD annihilation are usually quoted as secondary J/ψ but
they originate from the primary vertex.
with displaced vertices i.e. with impact parameter, d0,
above some threshold. Simulations have shown that such
measurements can successfully be performed with dielec-
trons measured in the central part of ALICE using the
ITS, the TPC and the TRD [20] and with dimuons in
CMS [26], thanks to the excellent spatial resolution of the
inner tracking devices of these experiments. It should also
be possible to disentangle the two sources of J/ψ from the
slopes of the overall measured J/ψ pT distributions since
primary J/ψ have a harder spectrum [20]. Finally, a recent
study [27] has demonstrated the possibility to isolate J/ψ
from bottom decay in pp collisions, without secondary ver-
tex reconstruction, by triggering on three muon events in
the ALICE forward muon spectrometer. Indeed, in stan-
dard (dimuon) pp events, the J/ψ peak contains 85% of
primary J/ψ and 15% of J/ψ from B meson decays. The
situation is totally inverted in tri-muon events because a
BB pair can easily produce many decay leptons. In such
events the J/ψ peak contains 85% of secondary J/ψ from
bottom decay and 15% of direct J/ψ [27]. It is obvious
that this analysis technique becomes less and less efficient
as the track multiplicity increases. Nevertheless, it could
still be performed for light-ion systems.
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3.2 Open heavy flavors
3.2.1 Open bottom from single leptons
with displaced vertices
As mentionned above, the d0 distributions of leptons from
heavy meson decays exhibit a significantly large tail be-
cause heavy mesons have a larger life-time than other par-
ticles decaying into leptons. Therefore, inclusive measure-
ments of open heavy flavors can be achieved from the iden-
tification of the semi-leptonic decay of heavy mesons [20].
Recent simulation studies [28] performed with the AL-
ICE central detectors show that with d0 > 180 µm and
pT > 2 GeV/c, the monthly expected statistics of elec-
trons from B decays in central Pb-Pb collisions is 5 · 104
with a contamination of only 10%, mainly coming from
charm decays. The deconvolution of d0 distributions by
imposing different pT cuts should allow charm measure-
ments as well. Furthermore, such analyses should give ac-
cess to the pT distribution of D and B mesons by exploit-
ing the correlation between the pT of the decay lepton and
that of its parent [20].
3.2.2 Open bottom from single muons
and unlike-sign dimuons
The possibility to measure the differential B hadron inclu-
sive production cross-section in central Pb-Pb collisions at
the LHC has recently been investigated by means of anal-
yses similar to the ones performed in pp¯ collisions at the
Tevatron. This study is based on unlike-sign dimuon mass
and single muon pT distributions measured with the AL-
ICE forward muon spectrometer [29]. The principle is first
to apply a low pT threshold on single muons in order to
reject background muons (mainly coming from charm de-
cays) and therefore to maximize the b signal significance.
Then, fits are performed to the total (di)muon yield with
fixed shapes for the different contributing sources and
the bottom amplitude as the only free parameter. The
B hadron production cross-section is then obtained after
corrections for decay kinematics and branching ratios and
muon detection acceptance and efficiencies. This allows
to extract the signal over a broad range in pT (Fig. 3).
A large statistics is expected [29] thus allowing detailed
investigations on b quark production mechanisms and in-
medium energy loss. On the other hand, such a mea-
surement, which can be performed for different central-
ity classes, provides the most natural normalization for Υ
suppression studies.
3.2.3 Open bottom from like-sign dileptons
As shown in Fig. 1, a sizable fraction of like-sign corre-
lated dileptons arise from the decay of B mesons. These
dileptons have two different origins:
– The first decay generation of B mesons contains ∼
































Fig. 3. Differential B hadron inclusive production cross-
section in the most central (5%) Pb-Pb collisions [29]. Mea-
surements from unlike-sign dimuons at low and high mass and
from single muons (symbols) are compared to the input distri-
bution (curve). Statistical errors (not shown) are negligible
mesons which decay semi-leptonically with a branch-
ing ratio of ∼ 12%. Therefore a BB pair is a source of






B− → D0 pi−, D0 → e+ anything
where the B+B− pair produces a correlated e+e+ pair
in addition to the two correlated e+e− pairs;












undergo the phenomenon of particle-antiparticle mix-
ing (or oscillation). The mixing parameters5 are χd =












produces, in the first generation of decay leptons, 70%
(50%) of unlike-sign correlated lepton pairs and 30%
(50%) of like-sign correlated lepton pairs.
This component is accessible experimentally from the sub-
traction of so-called event-mixing spectrum from the like-
sign spectrum [30]. The corresponding signal is a reli-
able measurement of the bottom cross-section since i) D
mesons do not oscillate [8] and ii) most (if not all) lep-
tons from the second generation of D meson decay can be
removed by a low pT threshold of about 2 GeV/c.
3.2.4 Hadronic charm
In the central part of ALICE, heavy mesons can be fully
reconstructed from their charged particle decay products
in the ITS, TPC and TOF [31]. Not only the integrated
yield, but also the pT distribution can be measured. The
most promising decay channel for open charm detection is
the D0 → K−pi+ decay (and its charge conjugate) which
5 Time-integrated probability that a produced B0d (B
0
s ) de-




s) and vice versa.
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Fig. 4. Ratio of the nuclear modification factors for D0 mesons
and for charged (non-charm) hadrons with and without energy
loss and dead cone effect [32]. Errors corresponding to the case
“no energy loss” are reported. Vertical bars and shaded areas
correspond to statistical and systematic errors, respectively
has a branching ratio of 3.8% and cτ = 124 µm. The
expected rates (per unit of rapidity at mid rapidity) for
D0 (and D
0
) mesons, decaying in a K∓pi± pair, in cen-
tral (5%) Pb-Pb at
√
s = 5.5 TeV and in pp collisions at√
s = 14 TeV, are 5.3·10−1 and 7.5·10−4 per event, respec-
tively. The selection of this decay channel allows the direct
identification of the D0 particles by computing the invari-
ant mass of fully-reconstructed topologies originating from
displaced secondary vertices. The expected statistics are
∼ 13 000 reconstructed D0 in 107 central Pb-Pb collisions
and ∼ 20 000 in 109 pp collisions. The significance is larger
than 10 for up to about pT = 10 GeV/c both in Pb-Pb
and in pp collisions. The cross section can be measured
down to pT = 1 GeV/c in Pb-Pb collisions and down to
almost pT = 0 in pp collisions.
The reconstructed D0 pT distributions can be used to
investigate the energy loss of c quarks by means of the
nuclear modification factor RD
0
AA [31,32]. Even more inter-
esting is the ratio of the nuclear modification factors of D0
mesons and of charged (non-charm) hadrons (RD/h) as a
function of pT. Apart from the fact that many systematic
uncertainties on RD
0
AA cancel out with the double ratio,
RD/h offers a powerful tool to investigate and quantify
the so-called dead cone effect (Fig. 4).
3.2.5 Electron-muon coincidences
The semi-leptonic decay of heavy mesons involves either
a muon or an electron. Therefore, the correlated cc¯ and bb¯
cross-sections can be measured in ALICE from unlike-sign
electron-muon pairs where the electron is identified in the
central part and the muon is detected in the forward muon
spectrometer. The eµ channel is the only leptonic channel
which gives a direct access to the correlated component of
the cc¯ and bb¯ pairs. Indeed, in contrast to e+e− and µ+µ−
channels, neither a resonance, nor direct dilepton produc-
tion, nor thermal production can produce correlated eµ
pairs. Within ALICE, the eµ channel has the additional
advantage that the rapidity distribution of the correspond-
ing signal extends from ∼ 1 to ∼ 3, therefore bridging the
acceptances of the central and the forward parts of the de-
tector [33]. Electron-muon coincidences have already been
successfully measured in pp collisions at
√
s = 60 GeV [34]
and in p-nucleus collisions at
√
s = 29 GeV [35]. Prelimi-
nary simulations have shown the possibility, with ALICE,
to measure the correlated eµ signal after appropriate back-
ground subtraction [36].
4 Summary
The heavy flavor sector will bring fantastic opportunities
for systematic explorations of the dense partonic system
formed in heavy ion collisions at the LHC through a wide
variety of physics channels. In addition to the channels dis-
cussed here, further exciting possibilities should be opened
with, for example, charmed baryons, high mass dileptons,
quarkonia polarization and dilepton correlations.
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as a Measure of Charm and Bottom with ALICE
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Abstract
The capabilities of ALICE detector to measure eµ coincidence is investi-
gated by means of fast simulations. The detector acceptance is modelled
by means of geometrical cuts only and assumes a full efficiency. It is
shown that the measurement of eµ pairs would provide a high statis-
tics determination of the correlated charm and bottom production cross-
sections in a rapidity region intermediate between the central part and
the forward part of ALICE sub-detectors. The background subtraction
is investigated by means of the so-called event mixing and the like-sign
techniques. It is demonstrated that, due to neutral bottom meson oscil-
lation, the like-sign method fails as soon as the spectra contain a sizeable
fraction of leptons from bottom decay.
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1 Introduction
With the forward muon spectrometer [1] and the Transition Radiation Detector [2], measure-
ments of quarkonia via dileptons will be an important part of the physics program covered by
the ALICE detector [3] with heavy ion collisions at LHC. Besides the exciting goal of mea-
suring the suppression of heavy vector mesons as a signature of the creation of a quark-gluon-
plasma, the study of heavy flavour properties in heavy ion collisions will bring considerable
information about strongly interacting matter at extreme energy density. This is motivated
mainly by the substantial amount of heavy quark pairs which is expected to be produced in
heavy ion collisions at LHC energies [4] and also by several issues related to dilepton physics,
as listed below.
• Whereas open charm production is well understood in pp and pA reactions over a broad
range of beam energy [5], the situation is rather unclear for nucleus-nucleus reactions.
The present SPS Pb+Pb data on the dilepton mass continuum show, between the ϕ
and the J/Ψ, a enhancement which has been first attributed to an enhancement of open
charm production [6]. It has been shown more recently that final state interactions of D
mesons [7, 8] and/or thermally produced dileptons [9, 10] could account for the effect.
• As pointed-out first in [11] and then intensively studied in [4, 7, 12, 13, 14], a fast
parton traversing a dense medium experiences multiple scattering which result in an
energy loss phenomenon. This changes the resulting momentum distribution of heavy
mesons and, as a consequence, the decay leptons exhibit also a significantly modified
momentum spectrum.
• Dileptons from open charm (open bottom) will be, in ALICE, the dominant source of
background below the J/Ψ (Υ) in both the e+e− and the µ+µ− channels [1, 2].
• Open charm and open bottom are expected to provide a regeneration of secondary
J/Ψ from the hadronic phase via the channels D + D¯ → J/Ψ + pi and B → J/Ψ + X.
Depending on the initial multiplicity of D and B mesons, these secondary J/Ψ will
mask, to a certain extent, the primordial J/Ψ [2, 15, 16].
These considerations demonstrate that a precise and complete knowledge of heavy meson
production and propagation in heavy ion collisions at LHC will be interesting by itself, and
will be of crucial importance in order to extract relevant information from the measurement
of qq¯ bound states. The full ALICE device should allow to measure heavy mesons through
several channels : i) direct measurement of D0 and D± via their hadronic decay [3], ii)
inclusive measurement of D and B from the dilepton continuum below and around J/Ψ and
Υ [1, 2], and iii) inclusive measurement of D and B from high pt electrons with displaced
vertices [2]. We describe in detail in this note the possibility to measure heavy mesons through
another independent channel : the electron-muon coincidence. Some aspects of this kind of
measurement with the ALICE detector have already been briefly reported in [2, 17].
2 Electon-muon coincidence
Heavy mesons decay into e+X or µ+X with a branching ratio of ∼12% for charm and ∼10%
for bottom. Therefore, considering for example the semi-leptonic decays of a DD¯ pair as





X + + X µ- + Xe+X + 
e-e+
µ





Figure 1: Sketch of the possible semi-leptonic decays of a DD¯ pair.
Note that the term invariant mass is here misused i.e. one doesn’t reconstruct the “real”
invariant mass of the meson pair since only the decay leptons are taken into account. As a
consequence, the invariant mass of the dilepton pair doesn’t exhibit any peak but is spread
over several GeV/c2. The information which is carried by the dilepton pairs is however
meaningful and provides an indirect measurement of the heavy quark spectrum since the
dilepton invariant mass is related to the relative momentum of the quark pair. Using eµ
pairs1 instead of e+e− or µ+µ− pairs has the advantage that this gives a direct access to the
correlated heavy meson pair since neither a resonance nor the thermal radiation nor the Drell-
Yan mechanism can provide correlated eµ pairs. In order to be performed within ALICE, this
measurement needs the use of the information from most of the sub-detectors : an unlike-
sign eµ pair consists of an electron identified in the central part of ALICE by means of the
TRD in conjunction with the ITS and the TPC, and a muon detected in the forward muon
spectrometer. This provides the additional interesting feature that the rapidity coverage
of eµ pairs is, as shown in the following, intermediate between the rapidity region of the
central detectors and the one of the muon spectrometer. On the other hand, eµ coincidence
measurements can be performed without the need of any additional detector. It requires
only a sufficient number of full events to be taken simultaneously with all approved sub-
detectors. This type of measurement has already been performed successfully in pp reactions
at
√
s = 60 GeV [18] and in p-nucleon reactions at
√
s = 29 GeV [19]. It is planned to be
done in heavy ion collisions with the PHENIX detector at RHIC [20].
3 Simulation environment
The capabilities of ALICE to measure eµ coincidence in Pb+Pb reactions have been estimated
by means of a fast simulator whose ingredients are based on the calculations presented in [4].
The main input to these simulations is the number of cc¯ and bb¯ pairs expected to be created
in central Pb+Pb at LHC. The corresponding cross-sections have been estimated in p+p
reactions at
√
s = 5.5 TeV with PYTHIA 5.7 [22] using the MRSD-’1 parton distribution
function, and next extrapolated to central Pb+Pb collisions with the nuclear overlap function.
It results into 540 cc¯ and 7 bb¯ pairs per central Pb+Pb event at
√
s = 5.5 TeV.
The simulation consists of 6 steps described below :
• Pb + Pb → cc¯ and bb¯ events are computed with PYTHIA (triggered on charm and
bottom production) assuming that a Pb + Pb collision is a superposition of a certain
1When not explicitly specified, eµ pairs means in what follows unlike-sign electron-muon pairs i.e. e+µ−
and e−µ+.
2
number of p+p reactions i.e. 1 · 105 Pb + Pb → cc¯ events are generated by means of
1 · 105 × 540 p+p → cc¯ events. In order to have similar statistics for bottom, 10 M
Pb + Pb→ bb¯ events are generated by means of 10 M× 7 p+p → bb¯ events.
• The heavy quarks hadronize into heavy mesons through a Peterson fragmentation func-
tion. The c(c¯) quarks are assumed to fragment into 50% of D+(D−) and 50% of D0(D¯0)
mesons. For the b(b¯) quarks, we consider B+(B−), B0(B¯0), B0s (B¯
0






production percentage of 38%, 38%, 11% and 13%, respectively.
• Heavy mesons decay according to JETSET 6.4 [22]. In order to keep advantage of
the large initial statistics, the mesons decay semi-leptonically only. This is properly
taken care of in the following analysis by attributing weights to the decay leptons.
These weights are calculated independently for leptons from charm and bottom by
averaging the corresponding semi-leptonic branching ratios folded with the heavy meson
production percentages.
• 1 ·105 background events are computed by means of the “official-ALICE-HIJING-8000”




) whose η and pt
distributions are parametrised from the HIJING model and CDF data with a charged
particle density of 8000 at η = 0. These primary particles afterwards decay according
to JETSET.
• The ALICE detector response is modelled in a very simple way by cuts on :
– geometry : 45◦ < Θe < 135
◦ and 2◦ < Θµ < 9
◦ where Θe and Θµ denote the polar
angle of electrons and muons, respectively.
– transverse momentum : pt > 1 GeV/c for both electrons and muons.
– vertex : vet < 3 cm and v
µ
z < 100 cm where vet and v
µ
z are the electron transverse
distance and muon longitudinal distance between the interaction point and the
track vertex. The second vertex cut simulates the effect of the front absorber of
the muon spectrometer.
• The momentum and vertices of electrons and muons are registered keeping the infor-
mation on the parent and the grandparent of the decay product. This allows to trace
back the composition of final spectra under complicated multidimensional cuts.
This simulation assumes neither energy loss of the partons in the medium nor rescattering,
nor thermalization of heavy mesons. The ALICE detector filter doesn’t include momentum
resolutions and detection inefficiencies and assumes a perfect particle identification.
Finally we stress the fact that the quark kinematics depends somewhat on the processes
included in the simulation. At leading order, the quark pair, which is produced by gluon
fusion, is emitted azimuthally back-to-back. Next-to-leading order calculations tend to wash-
out any structure in the opening angle of the pair. Running PYTHIA triggered on charm
and bottom production (msel=4 or msel=5), as it is done in the present simulation, leads to a
kinematics intermediate between leading order and next-to-leading order calculations, higher
order corrections being simulated to some extent by initial and final state radiation [4]. In
addition we use a non-zero intrinsic transverse momentum kt for the incoming partons with
< k2t > = 1 GeV/c
2. This value allows to consistently describe the charm production data
for both the azimuthal correlation and the p2t distributions in pip reactions [21]. It is also
known to flatten somewhat the azimuthal correlation between the quarks of the pair [21].
Indeed, as shown in Fig. 2 when going from < k2t > = 0.5 GeV/c
2 to < k2t > = 1 GeV/c
2
the asymmetry “same-side / back-to-back” is reduced from 1/9 to 1/5. One could go further
3
by running PYTHIA in a real minimum bias mode. This is however CPU-time consuming (a
factor > 100 more) and definitively not conceivable in view of the high statistics demanded


















Figure 2: Azimuthal correlation between the quarks of cc¯ pairs with < k2t > = 0.5 GeV/c
2
(solid curve) and < k2t > = 1 GeV/c
2 (dashed curve).
4 General features
We present in this section some general features related to the correlated eµ pair distributions.











Figure 3: Rapidity distribution of correlated lepton pairs from charm in 4pi. The solid
(dashed) histogram corresponds to eµ (e+e− or µ+µ−) pairs.
The rapidity distribution of correlated eµ pairs from charm in 4pi is shown in Fig. 3. This
distribution exhibits a central narrow peak with an enhancement of about 30%. The latter is
a typical characteristics of the Peterson fragmentation function which tends to pile-up heavy
hadrons at central rapidities [4]. It is obvious that using another type of fragmentation func-
4
tion would affect differently the kinematics of the decay leptons and therefore the yield of the
reconstructed pairs in the finite acceptance of the detector. The choice of the fragmentation
function can therefore be considered as a free parameter of the simulation. Note from Fig. 3,
that for trivial reasons the yield of eµ pairs is, in 4pi, 2 times larger than the yield of e+e−
or µ+µ− pairs.
Leptons from heavy mesons can be categorised as primary and secondary leptons. A primary
lepton l1 is a lepton directly produced by the meson Q through its semi-leptonic decay :
Q→ l1 X. A secondary lepton l2 is a lepton indirectly produced through the channel Q→ l1 X,
X → l2 Y. Associated to primary leptons from charm decay are pi’s, K’s and/or resonances
like the ρ or the ω whose (semi-)leptonic decay branching ratios are by orders of magnitude
smaller than the initial semi-leptonic decay branching ratio of a D meson. Secondary leptons
from charm decay can therefore be reasonably neglected. On the contrary a primary lepton
from bottom decay is generally produced together with a D meson whose semi-leptonic decay
branching ratio is comparable to that of the B meson. It results that a sizeable fraction
of secondary leptons from B decay are produced through the so-called B-chain channel :
B→ l1 D, D→ l2 X.
These secondary leptons have a smaller energy than the primary leptons since they arise from
lighter mesons. Their contribution to the overall dilepton invariant mass spectrum is shown in
Fig. 4. It can be seen that eµ pairs from the B-chain dominate the spectrum at low invariant
masses whereas above ∼ 3 GeV/c2, only eµ pairs from BB¯ remain. Similar observations
are made for e+e− and µ+µ− pairs since the semi-leptonic decay branching ratios of heavy




















Figure 4: Invariant mass distribution of correlated eµ pairs from bottom decay in 4pi. The
dashed (dotted) histogram corresponds to eµ pairs from the B-chain (BB¯) channel. The solid
histogram includes both the previous contributions.
The invariant mass spectra of the 3 types of dileptons from bottom decay are shown in Fig. 5
after applying the ALICE acceptance cuts described above. Whereas the B-chain component
is visible in the e+e− and µ+µ− channels, it disappears in the eµ channel. This is mainly due
to the kinematics of the B-chain where both leptons tend to be focused in a given direction
in the phase space. The ALICE acceptance naturally suppresses this component in the eµ
channel since the muon is detected in the forward direction and the electron is detected in the
central rapidity region. Therefore, eµ coincidence measurements provide, within the ALICE
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Figure 5: Invariant mass distribution of correlated e+e− (a), µ+µ− (b) and eµ (c) pairs from
bottom decay. The ALICE acceptance cuts described in the text are applied. The dashed
(dotted) histograms correspond to lepton pairs from the B-chain (BB¯) channel. The solid
histograms include both the previous contributions.
Another interesting feature provided by the ALICE acceptance is evidenced in Fig. 6 which






















Figure 6: Rapidity distributions of correlated lepton pairs from charm (left) and bottom
(right). The ALICE acceptance cuts described in the text are applied.
It can be observed that the eµ pairs rapidity distributions are located in a region between
the ones covered by e+e− and µ+µ− pairs. The eµ channel provides a nice overlap between
the central part and the forward part of the ALICE rapidity coverage. Since eµ coincidence
gives access to an independent measurement of charm and bottom production, it can also be
used for consistency cross-checks by extrapolating the results obtained in the central rapidity
region to the forward rapidity region and vice versa.
The number of correlated eµ pairs from cc¯ and bb¯ is shown is Tab. 1 at different stages of
the simulation. As it can be seen, ∼ 1% of the correlated eµ pairs are emitted in the ALICE
detector geometrical acceptance. Although in 4pi the number of pairs from charm is larger
6
than the one from bottom, after the 1 GeV/c pt cut the number of correlated eµ pairs from
charm and bottom is similar. This is due to the fact that leptons from bottom have a harder
pt spectrum than leptons from charm. When extrapolating to one year of ALICE running,
assuming 40 Hz of central event data taking and one month of Pb beam (i.e. 40 M of Pb+Pb
central events), one obtains ∼ 40000 (∼ 30000) correlated eµ pairs from charm (bottom).
This estimation only assumes the use of a global central trigger. Using in addition the high
pt electron trigger [2] or the high pt muon trigger [1] would certainly increase the statistics
for eµ pairs. This has not been studied in detail yet. Note that even without the help of
high pt lepton trigger, the eµ pairs statistics is very large compared to the expected number
of reconstructed Υ in the dilepton channels.
cc¯ bb¯
no cuts 16 0.4
geo. cuts only 0.2 4 · 10−3
geo. + pt cuts 1 · 10
−3 8 · 10−4
Table 1: Number of correlated eµ pairs from cc¯ and bb¯ at different stages of the simulation
procedure. The numbers are normalised to one Pb+Pb central event.
In summary to this part, eµ coincidence with ALICE would provide with a large statistics an
independent measurement of the correlated cc¯ and bb¯ production cross-sections, in a rapidity
region intermediate between the ones covered by the central and the forward sub-detectors.
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Figure 7: Invariant mass spectra of eµ pairs from charm (left) and bottom (right). The ALICE
acceptance cuts are applied. The solid histograms correspond to correlated pairs. The dashed
histograms correspond to the sum of the correlated and the non-correlated unlike-sign pairs.
The dominant source of background to the signal comes from the non-correlated eµ pairs from
charm and bottom. This is due to the relatively high number of cc¯ and bb¯ pairs per event.
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As shown in Fig. 7, when the non-correlated pairs are taken into account, the combinatorial
background exceeds the signal by more than 2 (1) orders of magnitude for charm (bottom).
Under such conditions and since the signal is spread over several GeV/c2, any background
subtraction is difficult. Cutting stronger in pt improves the situation drastically and with a
pt threshold of 2 GeV/c one would obtain ∼ 5000 correlated eµ pairs with a S/B of about
1/50 (Fig. 8). Similar conclusions are obtained for eµ pairs from bottom decay.
This can be further improved by cutting-out eµ pairs with |∆Φ| > 90◦, where ∆Φ denotes the
difference in azimuthal angle between the leptons of the pair. This cut is motivated by the fact
that the leptons from a correlated pair are rather emitted back-to-back compared to the non-
correlated lepton pairs whose ∆Φ distribution is flat. Therefore, applying |∆Φ| > 90◦ reduces














































Figure 8: Number of correlated eµ pairs per year (left) and 1/(S/B) (right) as a function
of pt threshold on electron and muon. Only electrons and muons coming from charm decay
are considered. Signal and background are extracted by integrating the eµ yield over the full
invariant mass range. The signal is extrapolated to one year of ALICE running assuming a















































Figure 9: Same as figure 8. In addition to the ALICE acceptance cuts, the cut |∆Φ| > 90◦
is applied (see text).
8
Note however that, as mentioned in section 3, this cut would tend to be less efficient at next-
to-leading order because the quarks of the pair would be less strongly emitted back-to-back.
6 Background from other sources
Figures 8 and 9 still represent an ideal situation since the combinatorial background doesn’t
include electrons and muons from bottom decay and from other sources such as pi0 Dalitz
and pi±,K± decays. The number of electrons emitted per event in the ALICE acceptance is
shown in Fig. 10 (left). With a low pt threshold the multiplicity of the electrons from pi,K
decay is similar to the one from charm decay, both of them being larger than the one from
bottom decay by more than an order of magnitude. Due to the differences in the mass of the
parent particle, this ordering changes when cutting stronger on pt and, from a pt threshold
of 2 GeV/c, electrons from bottom decay dominate the total electron yield. The situation
is rather similar for what concerns the number of muons in the acceptance of the muon
spectrometer (Fig. 10 left), except that the muon yield from pi,K decay is somewhat further
reduced at high momentum. It is obvious that, without other cut strategies, a pt threshold of
at least 2 GeV/c is needed for an efficient suppression of leptons from pi,K decay. Note that
such a pt threshold allows also to strongly reduce the number of non-correlated pairs from
charm and bottom decay in the combinatorial background, as shown in the previous section.
In addition, it would be needed in order to get rid of misidentified particles (not considered














































Figure 10: Mean number of electrons (left) and muons (right) in the ALICE acceptance, as
a function of pt thresholds. Leptons from charm, bottom and pi,K decay are shown by the
full, dashed and dotted curves, respectively.
The corresponding invariant mass spectrum of eµ pairs is shown in Fig. 11. Although the
results suffer from poor statistics (the statistics is here limited to the 1 · 105 events computed
for charm), it can be seen that the yield of correlated eµ pairs from bottom decay is larger
than the one from charm decay by about a factor of 5. The full combinatorial background
including leptons from charm, bottom and pi,K decay is larger than the summed correlated























Figure 11: Invariant mass distributions of eµ pairs. The ALICE acceptance cuts and a pt
threshold of 2 GeV/c are applied on electrons and muons. The dashed (dotted) histogram
corresponds to correlated pairs from charm (bottom) decay. The dot-dashed histogram cor-
responds to the sum of the previous contributions. The solid histogram corresponds to all
unlike-sign eµ pairs including leptons from charm, bottom and pi,K decay.
Cutting even stronger on pt helps a lot to improve S/B without significant loss of signal.




























Figure 12: Left : number of eµ pairs per year in the ALICE acceptance as a function of the
pt threshold p
min
t on both electron and muon. The upper (lower) solid curve corresponds to
all unlike-sign eµ pairs with (without) the contribution from pi,K decay. The dashed (dotted)
curve corresponds to correlated pairs from charm (bottom) decay. The dot-dashed curve is
the sum of the 2 previous components. Right : corresponding 1/(S/B) as a function of pmint .
S is the sum of correlated eµ pairs from charm and bottom decay (dot-dashed curve of left).
B is the full combinatorial background including all eµ pairs from charm, bottom and pi,K
decay (upper solid curve of left). Signal and background are extracted by integrating the eµ
yield over the full invariant mass range. The normalisation is the same as the one of Fig. 8.
10
It can be observed that when going from pmint = 2 GeV/c to p
min
t = 3 GeV/c, S/B gets
improved from 1/100 to ∼ 1/25. With such a S/B a successful background subtraction is
reasonably conceivable (see next section). Fig. 12 left shows that the corresponding sample
of eµ pairs is almost free of any leptons from pi,K decay. This would lead, per year, to about
2000 correlated eµ pairs mainly coming from bottom decay.
It is important to mention that the S/B can be further improved by means of several cut
strategies which are not studied here : removing electrons from pi0 Dalitz decay with a
so-called Dalitz strategy [2], removing electrons from pi,K decay with lower thresholds on
displaced vertices [2], removing non-correlated eµ pairs with upper pt thresholds and cuts on
the lepton pair kinematics [20], etc.
7 Background subtraction
As shown above, the eµ correlated pairs lead to a signal hardly visible by itself because it
is spread over several GeV/c2 without any structure. A precise background subtraction is
therefore needed in order to extract relevant information from eµ coincidence measurements.
We describe in this section the methods for subtracting the background to the eµ signal. In
view of the large statistics demanded for such a purpose, we use the 10 M Pb + Pb → bb¯
generated events without including leptons from charm, pi and K decay for which the available
statistics is presently too poor. It results that the background considered in this part only
consists of non-correlated eµ pairs from bottom decay. The aim of this study is therefore
not to show how the signal can be extracted in a close-to-realistic situation of background,
but rather to discuss the capabilities of the presented techniques to subtract effectively the
background.
There are mainly 2 ways to determine and subtract a combinatorial background to an unlike-
sign pair signal :
• Like-sign pair technique : This consists in estimating the non-correlated background
in the unlike-sign pair sample by the number of like-sign pairs. The signal S of the
number of unlike-sign pairs N+− is then given by : S = N+− − 2R
√
N++N−− where
the factor R accounts for a possible charge asymmetry due to a detector acceptance
bias relatively to the lepton charge. This technique has the advantage that combining
unlike-sign pairs and like-sign pairs within the same event gives a direct normalisation
of the estimated background with respect to the signal. On the other hand, by doing so,
the statistics in the background spectrum is limited to the number of available events.
• Event-mixing technique : This consists in estimating the non-correlated background in
the unlike-sign pair sample by an unlike-sign pair spectrum for which the 2 leptons of
a pair are taken from 2 different events. This offers a better statistical precision than
the previous method since each event can be mixed with several other events. On the
other hand the normalisation of the estimated background to the signal is not direct as
soon as the spectrum contains a sizeable fraction of correlated signal. It can be done
from the integration of the 2 spectra in a region where the correlated signal is known
to be negligible.
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In order to be satisfactorily performed, the first technique needs that a correlated pair can
only be an unlike-sign pair (in other words a like-sign pair should never be a correlated
pair). It is therefore well adapted to subtract the combinatorial background in the low-mass
range where the previous requirement is fulfilled. On the contrary, this technique is difficult
to be used as soon as signal and/or background contains a substantial fraction of leptons
from bottom decay. Indeed, due to B0-B¯0 and B0s -B¯
0
s mixing, the systems B
0-B¯0 and B0s -B¯
0
s
are true sources of correlated like-sign lepton pairs in the primary lepton channel2. As a
consequence the unlike-sign eµ pair spectrum doesn’t contain the full correlated information
and a like-sign subtraction removes a part of the correlated signal. This is demonstrated in
Fig. 13 (right) where one can see that the signal calculated from the like-sign subtraction
underestimates the true correlated signal. The calculated signal could however be corrected
providing that one knows with a good accuracy the production percentages of the different


































Figure 13: Example of background subtraction to the eµ signal using the like-sign technique.
A pt threshold of 2 GeV/c and the ALICE geometrical acceptance cuts are applied on muons
and electrons. Signal and background include only eµ pairs from bottom decay. The notation
“true signal” corresponds to correlated unlike-sign eµ pairs.
The previous problem is naturally eliminated by using the event-mixing technique since the
correlations are washed-out between 2 independent events. Indeed, as shown in Fig. 14 right,
after a background subtraction with the event-mixing technique, the calculated spectrum is
similar in shape and yield to the expected one. Note however that the background-subtracted
spectrum is here arbitrary normalised. Finding a proper normalisation of the spectra is not
an easy task since the eµ signal is spread over the whole invariant mass range.
In summary, after background subtraction and providing that one can cope with the draw-
backs of the methods, the signal of eµ coincidence should be visible even with a S/B of the
2Like the K0-K¯0 system, the 2 B meson neutral systems B0-B¯0 and B0s -B¯0s undergo mixing effects. The
relevant quantity to describe this mixing is the so-called mixing parameter χ which is defined as the probability
that a B0 (B¯0) (or a B0s (B¯0s )) decays as a B¯0 (B
0) (or a B¯0s (B
0
s )). This parameter has been measured by
several experiments in e+e− and pp¯ reactions (see [24] for a compilation of results). It is estimated to χ=0.17
and 0.49 for the B0-B¯0 and the B0s -B¯0s system respectively [24]. Hence, a B
0-B¯0 (B0s -B¯0s ) pair produces in
the primary dilepton channel, ∼ 70% (∼ 50%) of unlike-sign correlated lepton pairs and ∼ 30% (∼ 50%)
of like-sign correlated lepton pairs. It is therefore obvious that, in the e+e− and µ+µ− channels at LHC, a
like-sign subtraction will be difficult in the invariant mass region of the Υ (J/Ψ) where most (part) of the
background consists of leptons from bottom decay.
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Figure 14: Same as Fig. 14 but using the event-mixing technique.
8 System size dependence of S and S/B
In this section, we compare the results obtained for the Pb+Pb system to the ones obtained
for colliding systems with total mass number A+B=110+110 and 63+63. The corresponding
number of cc¯ and bb¯ pairs per central event have been obtained, like in the Pb+Pb case, by
multiplying the charm and bottom pp production cross-sections given by PYTHIA by the
nuclear overlap function at b = 0 (Tab. 2).
A+B TAB(0) Ncc¯ Nbb¯
208+208 30.42 540 7
110+110 12.43 220 3
63+63 5.77 102 1
Table 2: Nuclear overlap function TAB(0) (in mb
−1) and number of cc¯ and bb¯ pairs per
central event for colliding systems with total mass number A+B. The values of TAB(0) are
taken from [23].
The background from pi,K decay is derived from the one generated for the Pb+Pb system
under the assumptions that i) the shape of the pt and η distributions remains unchanged and
ii) the overall yield of leptons from pi,K decay scales with a factor 110/208 and 63/208 for
the systems with total mass number 110+110 and 63+63 respectively.
For the consistency of the comparison, the extrapolation to the total statistics per year of
ALICE running has been done in the same way for the 3 different systems. This assumes 1
month of heavy ion beam and a central event data taking rate of 40 Hz i.e. 40 M of central
events.
As discussed before, when a common single-leg pt threshold of at least ∼ 1.5 GeV/c is applied,
13
the main background to the eµ signal comes mostly from the combination of non-correlated
leptons from charm and bottom decay. The S/B is therefore improved when decreasing
the size of the colliding system since the initial number of produced heavy quarks is also
decreased. Fig. 15 right shows that S/B is improved by a factor ∼ 2 (∼ 4) when decreasing
the system-size from 208+208 to 110+110 (63+63). On the other hand the corresponding
total number of correlated pairs is strongly reduced by a factor ∼ 2.5 (∼ 6) (Fig. 15 left).
However it can be seen that requiring a S/B & 1/30, a total amount of ∼ 2500 correlated eµ
pairs can still be measured for the systems 110+110 and 63 +63 by applying a pt threshold

























Figure 15: Left : number of eµ pairs per year in the ALICE acceptance as a function of the
pt threshold p
min
t on both electron and muon. The solid curves correspond to all unlike-sign
eµ pairs including the contribution from charm, bottom and pi,K decay. The dot-dashed
curves correspond to the sum of the correlated pairs from charm and bottom decay. Right :
corresponding 1/(S/B) as a function of pmin
t
where S (B) corresponds to the dot-dashed
(solid) curve of left. Signal and background are extracted by integrating the eµ yield over
the full invariant mass range. The normalisation is the same as the one of Fig. 8. From
top to bottom, the curves correspond to colliding systems with total mass number 208+208,
110+110 and 63+63.
9 Conclusions
eµ coincidence is a promising physics channel to be investigated with the ALICE detector
at LHC. It should allow to determine the correlated charm and bottom production cross-
sections in an interesting rapidity window which sits in between the rapidity coverage of the
central detectors and the one of the muon spectrometer. Such a measurement provides a first
physical link between the central part and the forward part of ALICE. The results of the
present simulations show that selecting high pt electrons and muons would give access (per
year of Pb beam) to a clean sample of about 2000 correlated eµ pairs mainly coming from
bottom decay with a S/B of ∼ 1/25. Both the signal and the S/B can be further improved by
means of dedicated cut strategies and/or by means of the high pt lepton triggers of ALICE.
These 2 aspects have not been studied in detail yet.
eµ coincidence is however a challenging measurement. This is mainly due to the facts that i)
the pair invariant mass being spread over several GeV/c2 without structure, the background
14
subtraction is difficult and ii) to provide relevant information, the correlation between the
leptons of the pair has to be preserved over ∼ 3 units of rapidity. There are at least 2
effects, neglected in the present simulation, which would tend to destroy the correlations and
lower the final eµ yield : the energy loss of the partons in the medium and the final state
interactions of heavy mesons.
Finally we recall that in the simulations presented here the ALICE detector is modelled in a
very simple way by cuts on geometrical acceptance and transverse momentum only. Further
detailed simulations, including a more realistic description of the ALICE detector response,
will be performed in the next future.
Acknowledgement




[1] The Forward Muon Spectrometer, Addendum to the ALICE Technical Proposal,
CERN/LHCC 96-32.
[2] A Transition Radiation Detector for electron identification within the ALICE
central detector, Addendum to ALICE Technical Proposal, CERN/LHCC 99-13.
[3] A Large Ion Collider Experiment, ALICE Technical Proposal, CERN/LHCC 95-
71.
[4] Z. Lin, R. Vogt, Nucl. Phys. B 544 (1999) 339.
[5] P. Braun-Munzinger, D. Mi´skowiec, A. Drees, C. Lourenc¸o, Eur. Phys. J. C 1
(1998) 123.
[6] E. Scomparin et al. (NA50 collaboration), J. Phys. G 25 (1999) 235.
[7] Z. Lin, X.N. Wang, Phys. Lett. B 444 (1998) 245.
[8] Z. Lin, C.M. Ko, B. Zhang, Phys. Rev. C 61 (2000) 024904.
[9] R. Rapp, E. Shuryak, hep-ph/9909348.
[10] K. Gallmeister, B. Ka¨mpfer, O.P. Pavlenko, hep-ph/9909379.
[11] E. Shuryak, Phys. Rev. C 55 (1997) 961.
[12] Z. Lin, R. Vogt, X.N. Wang, Phys. Rev. C 57 (1998) 899.
[13] B. Ka¨mpfer, O.P. Pavlenko, K. Gallmeister, Phys. Lett. B 419 (1998) 412.
[14] K. Gallmeister, B. Ka¨mpfer, O.P. Pavlenko, Phys. Rev. C 57 (1998) 3276.
[15] C.M. Ko, X.N. Wang, B. Zhang, X.F. Zhang, Phys. Lett. B 444 (1998) 237.
[16] P. Braun-Munzinger, K. Redlich, proceedings of Quark Matter’99,
nucl-th/9908026, to appear in Nucl. Phys. A.
[17] ALICE Technical Design Report of the Dimuon Forward Spectrometer,
CERN/LHCC 99-22.
[18] A. Chilingarov et al., Phys. Lett. B 83 (1979) 136.
[19] T. Akesson et al. (HELIOS collaboration), Z. Phys. C 72 (1996) 429.
[20] PHENIX Conceptual Design Report, BNL-48922, 1993.
[21] S. Frixione, M.L. Mangano, P. Nason, G. Ridolfi, hep-ph/9702287.
[22] T. Sjo¨strand, Comput. Phys. Commun. 82, 74 (1994),
http://www.thep.lu.se/tf2/staff/torbjorn/Pythia.html.
[23] R. Vogt, nucl-th/9903051.
[24] Eur. Phys. J. C 3 (1998) 555.
16
  ✁   ✂
✒✧✙✓✢ ✡ ✒ ✛✜✒✧✙  ✜☞✎✛ ✡✶✖✂✍✜✙
b
✒✧✍ ✆ ☞ ✂✸✡ ✒✧✙ ✛✑✒ ✠✸✒✗✆✑✟✓✖ ✍✜✙ ✛✜✒










































































































































































































































































Nuclear Instruments and Methods in Physics Research A 484 (2002) 564–572
Investigation of background subtraction techniques for high
mass dilepton physics
P. Crocheta,*, P. Braun-Munzingerb
aLaboratoire de Physique Corpusculaire, IN2P3/CNRS, Universit !e Blaise Pascal, Clermont-Ferrand, F-63177 Aubiere Cedex, France
bGesellschaft f .ur Schwerionenforschung, Darmstadt, Germany
Received 26 June 2001; received in revised form 13 September 2001; accepted 13 September 2001
Abstract
The signals in high mass dilepton spectroscopy with nucleus–nucleus collisions at collider energies are superimposed
on a generally large combinatorial background. Because this background contains a significant correlated like-sign
component originating from B meson decays, the ‘‘like-sign’’ method to determine the background is inappropriate. We
discuss strategies to deal with the correlations in the background. By taking advantage of the B meson oscillation
mechanism and of the particular features of B meson decays a new method to measure the b %b production cross-section
is proposed. r 2002 Elsevier Science B.V. All rights reserved.
1. Introduction
Heavy quarkonia states provide, via their
leptonic decays, an essential tool to probe the
earliest stage of heavy ion collisions at ultra-
relativistic energies and are considered a crucial
signature for demonstrating the existence of the
quark gluon plasma (QGP) and for diagnosing its
properties [1–4]. The anomalous suppression of
the J=c meson, observed in Pbþ Pb reactions at
CERN/SPS, is indeed considered as an indication
for the creation of a deconfined medium [5].
However, the production mechanism for both
open and hidden charm at SPS is a subject of
intensive current debate. Thus, the standard
pQCD-based framework [1,2] for charmonium
production and interaction with the deconfined
medium is nowadays confronted with new ap-
proaches such as the statistical hadronization
model [6] and the kinetic recombination model
[7]. These statistical models differ from the
standard approach in their predictions for higher
beam energies: they imply a significant J=c
enhancement rather than suppression. In both
approaches rescattering of heavy quarks in a
deconfined medium is essential. Furthermore, a
unique signature of the new mechanisms is the
peculiar centrality dependence [8], a scaling of the
quarkonia yield with the square of the open charm
(or bottom) yield [6–8] and thermal ratios for
relative yields of quarkonia states [6]. It then
becomes mandatory to measure, in addition to the
quarkonia yields, also the yields for open charm
and open beauty. The study of high mass dileptons
is therefore one of the major physics goals of
RHIC and the LHC heavy ion program. This new
*Corresponding author. Tel.: +33-4-7340-7294; fax: +33-4-
7326-4598.
E-mail address: crochet@clermont.in2p3.fr (P. Crochet).
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regime of beam energies brings, however, the
challenge of extracting, for the first time, the
quarkonia signals in the presence of a significant
and highly complex combinatorial background
which arises mostly from the semi-leptonic decay
of open charm and open bottom (up to 200 c%c and
6 b %b pairs are expected to be produced per central
Pbþ Pb collision at LHC energy). Consequently,
high mass dilepton spectra exhibit peculiar fea-
tures and the well-known techniques for back-
ground subtraction which work successfully for
low mass resonances at low beam energies, cannot
be applied in a straightforward way.
Based on simulations performed for Pbþ Pb
collisions at LHC energy we discuss the problems
related to the subtraction of the combinatorial
background to the dilepton spectra at high
invariant mass. We demonstrate that the peculiar
characteristics of the combinatorial background at
high invariant mass provides a means to measure,
albeit indirectly, the number of b %b pairs produced
in the reaction.
2. Subtracting the combinatorial background
In the multiparticle environment characteristic
of heavy ion reactions the possibility to observe a
resonance relies on the fact that the reconstructed
invariant mass of its decay products appears as a
narrow peak signal superimposed on a broad
background. Depending on the underlying physics
and on the event multiplicity, the background
originates from uncorrelated particles and/or from
correlated particles, i.e. of common origin. In
principle, the signal can be extracted by fitting the
signalþbackground distribution with appropriate
functions chosen in order to provide a good
description of the overall spectrum. This techni-
que, however, does not work if signal and back-
ground have a similar shape. This could result
either (i) from a bump in the background due to
physical reasons, detector acceptance, or analysis
cuts, or (ii) from a broad signal due to a large
intrinsic resonance width and/or a smearing of this
width by the apparatus resolution. In these cases it
becomes difficult or even impossible to disentangle
the signal and background components by fitting
their sum. Obviously, the situation gets even worse
when the resonant signal is small and/or when the
shape of the background is unknown. These
difficulties become even more obvious when
extracting a continuum like the Drell–Yan, the
thermal radiation, or the open charm/bottom
dilepton signal. The only way to overcome this
problem is to estimate independently the back-
ground distribution and to subtract it from the
signalþbackground spectrum. Such a technique is
nowadays intensively used in heavy ion collisions
at high beam energies.
Considering an unlike-sign two particle invar-
iant mass spectrum, there are mainly two ways to
determine and subtract the combinatorial back-
ground:
* Like-sign pair technique: the uncorrelated
background in the unlike-sign pair sample
is estimated by the number of like-sign
pairs within each event. The signal S of the
number of unlike-sign pairs N7 is then given by




where the factor R
accounts for a possible asymmetry in the
production of positively and negatively charged
particle and/or an asymmetry due to a detector
trigger/acceptance bias relative to the particle
charge. This technique has the disadvantage
that the statistics in the background spectrum is
limited to the number of available events. On
the other hand, since the number of unlike-sign
pairs and like-sign pairs are calculated within
the same event, the normalization of the
determined background to the signalþback-
ground spectrum is straightforward, provided
that one knows the R factor with good
accuracy.
* Event-mixing technique: the uncorrelated back-
ground in the unlike-sign pair sample is given
by an unlike-sign pair spectrum for which the
two particles of a pair are taken from two
different events. This offers a better statistical
precision than the previous method since one
can mix each event with several (or even many)
other events. The mixed events have to be
identical in centrality. In the presence of flow
they have to be rotated into a common reaction
plane. After normalization of the signalþback-
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ground spectrum and the event-mixing spec-
trum to the respective number of events an
additional normalization factor of 2 has to be
applied to the event-mixing spectrum. Note that
with real data, the normalization factor is not
straightforward because, due to fluctuations
and detector resolution, the centrality of the
mixed events is never strictly identical. There-
fore, the normalization of the estimated back-
ground to the signalþbackground is usually
done from the integration of the two spectra in
a region where the correlated signal is assumed
to be negligible. Note also that, in order to be
applied to experimental data, the event-mixing
technique requires that the two track resolution
of the detector be taken into account.
Each method has its own advantages and
drawbacks depending on the particle environment
and on the nature of the signal to be extracted [9–
11]. In particular, the event-mixing technique can
lead to incorrect results in the case of large signal-
to-background. This can be intuitively understood
by considering the extreme case of a sample of
events where each event consists of two correlated
particles only, such as a c%c pair. In this case there
would be no real background to the signal but the
event-mixing technique would produce a fake
background. On the other hand, it is obvious that
the like-sign method, which relies on the fact that a
like-sign pair is always uncorrelated, will fail if the
events contain like-sign correlated particle pairs.
In the following we shall show that, because the
decay products of bottom decay contain like-sign
correlated lepton pairs, the applicability of the
like-sign technique for background subtraction in
dilepton physics at the collider energies, such as
currently available at RHIC and to become
available at the LHC, is questionable. By making
use of the differences between the background
estimated with the like-sign and the event-mixing
techniques, we propose a new method to measure
indirectly the number of b %b pairs from the dilepton
spectra. As illustrative examples, we consider the
two dilepton channels (eþe; mþm) in the
acceptance of the ALICE detector [12] for central
Pbþ Pb collisions. Technical details about the
simulation are given in Appendix A.
3. Discussion
Fig. 1 shows the invariant mass (M) distribution
of unlike-sign lepton pairs in the ALICE detector
acceptance. With a transverse momentum thresh-
old of 2 GeV=c on each lepton, the dileptons from
B meson decays are the dominant component of
the combinatorial background all over the invar-
iant mass region except for 3tMt5 GeV=c2
where the component from D meson decays is
significant. Particularly interesting is the difference
in shape between the two invariant mass distribu-
tions: the distribution from D meson decays
exhibits one single maximum at intermediate M
and a shoulder at low M while that from B meson
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Fig. 1. Invariant mass distributions of unlike-sign dielectrons
(left) and unlike-sign dimuons (right) for central Pbþ Pb
reactions at LHC energy. The events are filtered through the
ALICE detector acceptance cuts as described in the text. The
top (solid) histogram on each figure comprises the sum of all
unlike-sign lepton pairs. The dashed and dotted histograms
show the background determined by the event-mixing techni-
que and with the like-sign technique, respectively. The
histograms labeled charm and bottom correspond to the
component where both leptons result from D and B meson
decay, respectively. The two lower panels are zooms of the
upper panels in the invariant mass region of the U family.
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M: The bump at intermediate M results mostly
from a combination of two primary leptons while
the bump at low M is a result of a combination of
a primary and a secondary lepton produced by the
same B meson in the so-called B-chain channel.1
This channel represents a sizeable fraction of
dileptons because the first generation of decay
products of a B meson generally contains a D
meson whose semi-leptonic decay branching ratio
is rather large. On the other hand, this channel is
almost inexistent for primary D mesons because
the secondary leptons from charm decay mostly
originate from p and K meson decay. Most of
these secondary leptons which have very low
momenta are removed by the transverse momen-
tum threshold. Consequently, the dilepton distri-
bution from D meson decay is dominated, to a
large extent, by pairs of primary leptons.
The background to the unlike-sign correlated
dilepton signal is estimated by means of the two
previously described techniques. The like-sign
spectrum is normalized with the R factor equal
to 1 since no charged particle asymmetry is present
in our simulated events (more details about the R
factor are given in Appendix B). Concerning the
event-mixing spectrum we use the standard nor-
malization factor of 2 mentioned previously since
all simulated events can be considered as strictly
identical in terms of centrality. The resulting
background distributions are shown by the dashed
and the dotted histograms in Fig. 1. Clearly, the
two techniques do not lead to the same result: for
large M; the background from the like-sign
method systematically underestimates that from
the event-mixing method. This can be better
observed by inspecting Figs. 2 and 3 where the
background-subtracted spectrum is compared to
the sum of all unlike-sign correlated signals. Fig. 2
shows that the event-mixing technique works as
expected, i.e. the background-subtracted spectrum
is identical to the sum of the unlike-sign correlated
signals (the difference between the solid and the
dashed histograms is hardly visible in Fig. 2). On
the other hand, Fig. 3 shows that the background-
subtracted spectrum with the like-sign technique
seems to describe well the unlike-sign correlated
signal at low M but underestimates this signal by
about 25% for M\3 GeV=c2:
Two effects contribute to the failure of the like-
sign technique. Both of them are related to the
particularity of the B mesons in a sense that a B %B
pair produces not only unlike-sign correlated
lepton pairs, but also like-sign correlated lepton
pairs:
* The first decay generation of B mesons contains
B10% of primary leptons and a large fraction
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Fig. 2. Invariant mass distributions of unlike-sign correlated
dileptons (solid histograms) for central Pbþ Pb reactions at
LHC energy. The events are filtered through the ALICE
detector acceptance cuts as described in the text. The dashed
histogram is obtained by the subtraction of the background,
determined by the event-mixing technique, from the total
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Fig. 3. Same as Fig. 2 but using the like-sign technique instead
of the event-mixing technique for the determination of the
background.
1A primary lepton l1 is a lepton directly produced by the
meson Q in the first decay generation: Q-l1þ anything. A
secondary lepton l2 is a lepton produced in the second decay
generation: Q-Xþ anything; X-l2 þ anything:
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a branching ratio of B12%: Therefore, a B %B
pair is a source of like-sign correlated pairs. For







the BþB pair produces a correlated eþeþ pair
in addition to the eþe pair.
* Like the K0 %K
0
system, the 2 neutral B0 %B
0








phenomenon of particle–antiparticle mixing (or
oscillation). This effect is quantified by the so-
called mixing parameter wd ðws) which corre-
sponds to the time-integrated probability that a
produced B0d ðB
0




s Þ and vice
versa. The mixing parameters are predicted by
the standard model and have been measured
experimentally [13]. They are estimated to wd ¼











pair produces, in the primary dilepton channel,
B70% ðB50%Þ of unlike-sign correlated lepton
pairs andB30% ðB50%Þ of like-sign correlated
lepton pairs.
Due to these effects the unlike-sign dilepton
spectrum does not contain the full correlated
signal because a part of this correlated signal is
made of like-sign lepton pairs. Consequently, the
like-sign subtraction removes from the unlike-sign
dilepton spectrum not only the uncorrelated
component but also a fraction of the correlated
signal. Note that, in the case presented in Fig. 3,
the use of the like-sign technique to subtract the
background to the U signal would bias only weakly
the result because the yield in the resonances peak
is much larger than the yield in the background
below these peaks. On the contrary, this bias
would become important in the case of a strong U
suppression which would manifest itself by an
almost vanishing peak. It is obvious that it would
become even more important for continuum
physics.
Fig. 4 shows the like-sign and the unlike-sign
correlated components. For Mt3 GeV=c2; the
correlated B meson decay distribution almost
exclusively consists of unlike-sign pairs. For
M\3 GeV=c2; the like-sign correlated component
reaches about 45% of the unlike-sign correlated
component. The like-sign correlated component
arising from B0 mixing amounts to about 30% of
the total like-sign correlated distribution.
Since D mesons do not oscillate (no evidence for
D meson oscillation has been observed so far [13]),
a D %D pair cannot produce a like-sign correlated
lepton pair in the primary decay generation.
Nevertheless, D mesons can generate like-sign
correlated lepton pairs from their decay chain. It
can be seen from Fig. 5 that the corresponding size
of the effect is very weak in both the dielectron
channel and the dimuon channel. As already
mentioned, this is due to the fact that most of
the secondary leptons from charm decay are
removed by the transverse momentum threshold
of 2 GeV=c:
As shown above, the event-mixing background
does not contain any correlated signal whereas
the like-sign background contains, in addition to
the uncorrelated signal, the like-sign correlated
lepton pairs from bottom decay. Therefore, sub-
tracting the first background from the second one
should get access to the like-sign correlated
component. Fig. 6 shows that this is indeed the
case in the present simulations: when subtracting
the event-mixing spectrum from the like-sign
spectrum, one obtains a non-zero distribution
which corresponds precisely to the like-sign
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Fig. 4. Invariant mass distributions of correlated dileptons
from bottom decay for central Pbþ Pb reactions at LHC
energy. The events are filtered through the ALICE detector
acceptance cuts as described in the text. The unlike-sign and
like-sign components are shown by the solid and dashed
histograms, respectively. The dotted histogram represents the
like-sign component which results from B0 %B
0
mixing.
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latter is directly connected to the full b %b
cross-section since any change in the b %b cross-
section will translate into a proportional change in
the like-sign correlated dilepton yield. The signal
obtained from the subtraction of the two back-
ground distributions can therefore be considered
as a reliable measurement of the number of b %b
pairs. Indeed, neither a resonance nor the thermal
radiation nor the Drell–Yan mechanism can
provide like-sign correlated dileptons and, as
shown in Fig. 5, the amount of like-sign correlated
lepton pairs from charm decay is negligible when
applying a pt threshold of 2 GeV=c on both
leptons.
Note that one could also get a model-indepen-
dent estimate of the number of b %b pairs from the
integration of the background-subtracted unlike-
sign spectrum at high invariant mass where the
dileptons from bottom decay dominate (Fig. 1).
However, this could lead to a non-pure bottom
sample since the integrated signal would contain
all kind of unlike-sign correlated pairs. In
particular, it would contain the Drell–Yan signal
whose yield could become significantly large
relative to the sum of correlated charm and
bottom yields in the case of strong energy loss
effects on heavy quarks [14]. It would also contain
the unlike-sign correlated pairs from charm whose
thermal production cross-section could be en-
hanced for a QGP with a relatively high tempera-
ture [15,16], as well as lepton pairs from a
thermalized hot QGP.
We point out that whereas in eþe reactions a
good understanding of open beauty hadron
production, sample composition and decay has
been recently achieved [13], in nucleus–nucleus
reactions none of the open beauty hadrons has
ever been measured so far (this holds even for open
charm hadrons). For the present investigations we
have assumed that B meson production, mixing,
and decay can be extrapolated from nucleon–
nucleon collisions to nucleus–nucleus collisions by
multiplication with the number of binary colli-
sions. The reality may be far from this, and it is
indeed a major goal of the ultra-relativistic heavy
ion program to study the differences. However, for
the present studies which concern mostly the
signal/background we believe that the current
investigation addresses the crucial and important
new points which can be studied in the heavy ion
environment.
Note, finally, that the proposed method pro-
vides a global estimate of the like-sign signal from
bottom including the signal from B0 mixing and
from the B meson decay chain. Further detailed
investigations should reveal whether the two
contributions might be identified separately by
means of further constraints on the kinematical
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Fig. 5. Invariant mass distributions of correlated dileptons
from charm decay for central Pbþ Pb reactions at LHC energy.
The events are filtered through the ALICE detector acceptance
cuts as described in the text. The unlike-sign and like-sign
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Fig. 6. Invariant mass distributions of dileptons for central
Pbþ Pb reactions at LHC energy. The events are filtered
through the ALICE detector acceptance cuts as described in the
text. Solid histogram: like-sign correlated dileptons from B
meson decays. Dashed histogram: distributions obtained after
subtraction of the background estimated with the event-mixing
technique from the one estimated by the like-sign technique.
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4. Conclusions
We have presented some features of high mass
dilepton spectra in heavy ion collisions at collider
energies with special emphasis on the determina-
tion of the continuum background at high
invariant masses. Our investigations show that
the combinatorial background contains large
amount of dileptons from bottom decay. Because
bottom decay is a source of like-sign correlated
lepton pairs, the result of the background deter-
mination using the like-sign technique is inap-
propriate. The event-mixing method is not affected
by this effect and gives a reliable estimate of the
combinatorial background. We have demon-
strated that, by subtracting the event-mixing
distribution from the like-sign distribution, one
obtains a precise estimate of the yield of like-sign
correlated lepton pairs from bottom decay. These
results are relevant for analysis of data from RHIC
and the LHC.
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Appendix A. Simulation environment
Our simulation is similar to that presented in
Ref. [17]. It consists of the following steps:
* Open charm and open bottom in central Pbþ
Pb reactions are computed with Pythia 5.7 [18]
assuming that a Pbþ Pb collision is a super-
position of a certain number of pþ p reactions.
We use the GRVH0 parton distribution func-
tion to normalize the production cross-sections




¼ 5:5 TeV to 6:7 and
0:2 mb for charm and bottom, respectively
[19]. These cross-sections are then extrapolated
to Pbþ Pb collisions at impact parameter
b ¼ 0 fm with the nuclear overlap function
TPbPbð0Þ ¼ 30:4 mb
1 [20]. It results into
205 c%c and 6 b %b per central Pbþ Pb event.
* The heavy quarks hadronize into heavy mesons
through a Peterson fragmentation function [21].
The cð%cÞ quarks are assumed to fragment into
DþðDÞ; D0ð %D
0
), and Dþs ðD

s Þ mesons. For









* Heavy mesons decay according to JETSET 6.4
[18] with free decay branching ratios.
* Resonance events including f; J=c; c0; U; U0
and U00 are generated separately with yields and
spectra taken from Refs. [22,23]. The reso-
nances decay according to JETSET with fixed
branching ratio.
* The ALICE detector response is modeled in a
simple way by:2
* geometrical conditions: 451oYeo1351
and 21oYmo91 where Ye and Ym denote
the polar angle of electrons and muons,
respectively;
* lower and upper transverse momentum
thresholds: 2opto10 GeV=c for both elec-
trons and muons;
* conditions on vertex: veto3cm and
v
m





electron transverse distance and muon
longitudinal distance between the interac-
tion point and the track vertex. The second
vertex cut simulates the effect of the front
absorber of the muon spectrometer;
* transverse momentum resolution: Dpt=pt
increases linearly from 0:6% at pt ¼
1 GeV=c to 1:4% at pt ¼ 10 GeV=c for
both electrons and muons.
* The leptonic component of central Pbþ Pb
events is constructed by means of a cocktail
of the generated leptons from open charm,
open bottom and resonances. Each lepton
is given a weight which includes the production
cross-section of its source folded with the
actual number of simulated sources per
event and the corresponding decay branching
ratio. The weight and the momentum compo-
nents of the leptons are registered keeping
the information on the direct parent and
2We do not intend to reproduce detailed features of the
ALICE detector response but use representative numbers for
illustrative purposes.
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the grandparent of the decay product. This
allows to trace back the composition of final
spectra.
Leptons from other sources are neglected.
Not taken into account in the simulation are:
shadowing of the structure functions, energy
loss of the partons in the medium, rescattering of
heavy mesons, suppression/enhancement of the
resonance yields. The ALICE detector filter
assumes perfect particle identification and
efficiency.
Appendix B. Origins of charge asymmetry and the
R factor
The presence of an asymmetry in the production
of positive and negative charged background
leptons leads to an enhancement of the like-sign
dileptons relative to the unlike-sign dileptons.
Therefore, the correct normalization of the like-
sign spectrum relies on a precise determination of
the R factor. We discuss here the origins of
possible charge asymmetries in nucleus–nucleus
reactions, in which conditions this leads to a R
factor different from unity and how to estimate R
in this case.
B.1. Charge asymmetry at the production level
At least three physical effects at the
particle production level can lead to a charge
asymmetry in the final stage of nucleus–nucleus
reactions:
* charge conservation implies an excess of posi-
tively charged hadrons in the final state because
the colliding ions are positively charged;
* isospin conservation implies a ratio p=pþ > 1
because the ion N=Z ratio is larger than 1;
* associate Kaon production results in an excess
of Kþ relative to K:
It is obvious that these asymmetries propagate
to the decayed leptons. However, in central
nucleus–nucleus reactions the multiplicity of
charged particles produced in the interaction is
so large that any initial charge asymmetry is
smeared-out [24]. In fact, it can be demonstrated
that R ¼ 1 exactly if the particle multiplicities are
Poisonnian [25]. This has also been shown by
means of Monte-Carlo simulations for central
Pbþ Pb reactions at SPS [24]. The charge asym-
metry tends to vanish with increasing beam energy
as evidenced by the measured p=pþ ratio which
goes, in central AuþAu reactions, from
2:1570:30 at GSI/SIS [26] to 1:0070:02 at RHIC
[27].
On the contrary, the previous statement is
not valid anymore in low multiplicity events like
non-central nucleus–nucleus reactions. In this case
R is larger than unity. Its actual value can be
precisely determined by means of simulations [24].
Even in this case R differs only slightly from unity.
Indeed, in peripheral (bB13 fmÞ Pbþ Pb colli-
sions at SPS, the R factor for dimuons in the
acceptance of the NA50 spectrometer is found to
be 1.075 [24]. It should be even closer to unity at
higher beam energy thanks to the larger particle
multiplicity.
B.2. Charge asymmetry due to a detector
acceptance/trigger bias
A charge asymmetry in the lepton sample can
also be the consequence of a possible detector bias
relative to the lepton charge. The detector bias
caused by a different acceptance for positively and
negatively charged particle is usually taken into
account by averaging the data collected with the
two opposite settings of the magnetic field [25].
Similarly, a charge asymmetry could result from a
different probability for the trigger system to
accept like-sign and unlike-sign events. Such an
effect can be estimated by means of simulations as
discussed in Ref. [28].
References
[1] T. Matsui, H. Satz, Phys. Lett. B 178 (1986) 416.
[2] H. Satz, Rep. Progr. Phys. 63 ð2000Þ 1511;
Nucl. Phys. A 661 ð1999Þ 104c.
[3] R. Vogt, Phys. Rep. 310 (1999) 197.
[4] J.F. Gunion, R. Vogt, Nucl. Phys. B 492 (1997) 301.
[5] M.C. Abreu, et al., NA50 collaboration, Phys. Lett. B 477
(2000) 28.
P. Crochet, P. Braun-Munzinger / Nuclear Instruments and Methods in Physics Research A 484 (2002) 564–572 571
[6] P. Braun-Munzinger, J. Stachel, Phys. Lett. B 490 (2000)
196.
[7] R.L. Thews, M. Schroedter, J. Rafelski, Phys. Rev. C 63
(2001) 054905.
[8] P. Braun-Munzinger, J. Stachel, Nucl. Phys. A 690 (2001)
119.
[9] D. L’Hote, Nucl. Instr. and Meth. A 337 (1994) 544.
[10] M. Ga!zdzicki, M.I. Gorenstein, J. Phys. G; Nucl. Part.
Phys. 27 (2001) L41.
[11] N. van Eijndhoven, W. Wetzels, hep-ph/0101084.
[12] ALICE technical proposal, CERN/LHCC 95-71.
[13] D.E. Groom, et al., Euro. Phys. J. C 15 (2000) 1.
[14] B. K.ampfer, O.P. Pavlenko, K. Gallmeister, Phys. Lett. B
419 (1998) 412.
[15] E. Shuryak, Phys. Rev. Lett. 68 (1992) 3270.
[16] K. Geiger, Phys. Rev. D 48 (1993) 4129.
[17] Z. Lin, R. Vogt, Nucl. Phys. B 544 (1999) 339.
[18] T. Sj .ostrand, Comput. Phys. Commun. 82 ð1994Þ 74,
http://www.thep.lu.se/tf2/staff/torbjorn/Pythia.html.
[19] R.V. Gavai, S. Gupta, P.L. McGaughey, E. Quack, P.V.
Ruuskanen, R. Vogt, X.N. Wang, Int. J. Mod. Phys. A 10
(1995) 2999.
[20] R. Vogt, Heavy Ion Phys. 9 (1999) 339.
[21] C. Peterson, D. Schlatter, I. Schmitt, P.M. Zerwas, Phys.
Rev. D 27 (1983) 105.
[22] Addendum to the ALICE technical proposal, CERN/
LHCC 99-13.
[23] Addendum to the ALICE technical proposal, CERN/
LHCC 96-32.
[24] M.C. Abreu, et al., NA50 collaboration, Eur. Phys. J. C 14
(2000) 443.
[25] F. Bellaiche, Doctorat de l’Universit!e, Universit!e Claude
Bernard Lyon-I, IPN-Lyon, LYCEN T9735 ð1997Þ; http://
lyoinfo.in2p3.fr/eiexp/theses/bellaiche/these.html.
[26] D. Pelte, et al., FOPI collaboration, Z. Phys. A 357 (1997) 215.
[27] B.B. Back, et al., PHOBOS collaboration, hep-ex/0104032.
[28] A.L.S. Angelis, et al., HELIOS/3 collaboration, Eur. Phys.
J. C 13 (2000) 433.
P. Crochet, P. Braun-Munzinger / Nuclear Instruments and Methods in Physics Research A 484 (2002) 564–572572

  ✁   ✂
✒✧✙✓✢ ✡ ✒ ✛✑✒ ✠✄☞ ✙☛✒✧✔ ✟✑✂✸✖ ✍ ✒✄✂ ✔✠☞✂✔ ✒ ✛✡✂✆☎ ✝✠✡ ✒✧✍ ✟✑✂✄✒✗✠✓✠✄✒ ✂✄✍ ✔ ✠ ✢✟✎
✙✍✂✓✒ ✒ ✛✑✒✧✙  ✜☞✎✛✑✡ ✖✂✍ ✙
b
✒✧✍ ✘ ✢✑✖ ✍✜✙ ✙✍✂ ✘ ✆ ✠✸✒✧✙ ✒✠✟ ✒✧✍ ✆ ☞ ✂✸✡ ✒✧✙


















































































































































































































































































































❤ ✝✗✆ ✒✧✍ ✛✑✒✧✍✜✔✗✒ ✒✧✍
pt
















































































































































































































































































EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH 
European Laboratory for Particle Physics
 Internal Note/
ALICE reference number 
ALICE-INT-2005-002 version 1.0
Institute reference number 
[-]
Date of last change 
2004-12-28





 CEA, DAPNIA/SPhN, Saclay, France 
2
 LPC, IN2P3/CNRS, Clermont-Ferrand, France 
Abstract: 
We investigate the capabilities of the ALICE muon spectrometer to measure the transverse 
momentum dependence of the Υ′ / Υ ratio in central Pb-Pb collisions.  The ratio is shown to 
be a promising tool to unravel the quark gluon plasma (QGP) models and to extract valuable 
information about the characteristics of the QGP. 
1 Introduction
The dissociation of heavy quark resonances by color screening in a deconfined medium [1] is
one of the most promising signatures of QGP formation in high energy heavy ion collisions.
Particularly interesting is the pt dependence of the suppression which was early recognized to
be a relevant observable to probe the characteristics of the deconfined medium [2, 3]. Indeed,
the pt suppression pattern of a resonance is the consequence of the competition between the
resonance formation time and the QGP temperature, lifetime and spatial extent. However,
quarkonium suppression is known to result not only from color screening, but also from
nuclear effects like shadowing and absorption. In order to isolate pure QGP effects, it has
been proposed to study the pt dependence of quarkonium ratios instead of single quarkonium
pt distributions. By doing so, nuclear effects are washed out, at least in the pt variation of
the ratio1. An extensive study of the Υ′/Υ ratio properties in heavy ion collisions at the
LHC has been presented in [4]. It was shown that “The pt dependence for such ratios is then
a direct probe of the QGP physics”.
Following the arguments of [4], we investigate, by means of AliRoot-FAST simulations, the
capabilities of the ALICE muon spectrometer to measure the pt dependence of the Υ
′/Υ ratio
in central Pb− Pb collisions. We first detail the basic inputs and the simulation environment.
Then we present the performances of the spectrometer to measure the ratio and we discuss
the sensitivity of the measurement to some ingredients of the QGP models. We stress that
our aim is not to study the response of the spectrometer to a sophisticated QGP model in
detail but rather to investigate whether or not such a measurement is conceivable and to
establish its limits. More details can be found in [5].
2 Inputs
2.1 Bottomonium production cross sections and phase space distributions
in absence of QGP
The bottomonium production cross sections in pp collisions at
√
s = 5.5 TeV are taken
from [6] and scaled up by a factor 1.38 to account for the CDF results [7]2. The total number






is the total number of central (10%) Pb− Pb collisions per month:
NPb−Pb
month
= L · t · σPb−Pb
mb
· 10% = 4 · 108 (2)
assuming a luminosity L = 5 × 1026 cm−2s−1, a running time t = 106 s and the
minimum-bias Pb− Pb cross section σPb−Pb
mb
= 8 b;
• NPb−Pb is the number of resonances produced per central Pb− Pb event:
NPb−Pb = σ · TPb−Pb(10%) (3)
where σ is the resonance production cross section per nucleon pair in Pb− Pb colli-
sions and TPb−Pb(10%) = 23.7 mb
−1 is the nuclear overlap for central (10%) Pb− Pb
collisions.
1Using ratios has the additional advantage that systematical detection inefficiencies cancel out to some
extent.
2The factor 1.38 is obtained from the inspection of Fig. 9 and Tab. 8 and 10 of [6].
2
The corresponding numbers are reported in Tab. 1.
Υ Υ′ Υ′′ χb(1P ) χb(2P )
σ (µb) 0.207 0.130 0.079 0.428 0.331
N 1962360 1232400 748920 4057440 3137880
τF (fm) 0.76 1.9 1.9 2.6 2.6
TD, 3 flavor QGP (MeV) 1125 447 447 368 368
TD, SU(N) QGP (MeV) 400 190 130 195 144
Table 1: Resonance production cross sections per nucleon pair in Pb− Pb collisions (σ) and
total number of resonances produced per month in central Pb− Pb collisions at
√
s = 5.5 TeV
(N). Resonance formation time (τF) from [4]. Resonance screening temperature in a 3 flavor
QGP (from [4]) and in an SU(N) QGP (from [9]).
The bottomonium phase space distributions [8] are shown in Fig. 1. They are assumed to be
identical for all bottomonium species.
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Figure 1: Phase space distributions of resonances used in the simulation without QGP pro-
duction.
2.2 Resonance pt suppression pattern in a QGP
The resonance pt suppression patterns are computed according to the method detailed in [4]
which assumes a Bjorken-type isentropic expansion of a system characterized by its initial
temperature and formation time. The screening time corresponding to a given screening tem-
perature can be calculated from these quantitites. If one assumes that the initial temperature
and the formation time of the system are fixed, the pt suppression pattern of a given reso-
nance then only depends on its mass, formation time, screening temperature and the size of
the deconfined medium. The resonance screening temperatures are derived by means of two
different models: i) a parameterization based on SU(N) lattice simulations referred as SU(N)
QGP in the following and ii) an estimate from SU(3) perturbation theory referred as 3 flavor
QGP in the following. In the present work, the resonance formation time and the 3 flavor
QGP screening temperatures are taken from [4]. The formation time and screening temper-
ature of the Υ′′ (χb(2P )) are assumed to be identical to the ones of the Υ
′ (χb(1P )). The
SU(N) QGP screening temperatures are taken from [9] (see Tab. 1). The critical tempera-
tures are Tc = 150 MeV and 260 MeV for the 3 flavor QGP and the SU(N) QGP, respectively.
3
The size of the deconfined medium is characterized by its transverse radius R. Two extreme
cases are considered, R = 1 fm and R = RPb where RPb is the radius of a Pb nucleus. The
initial conditions are the QGP formation time t0 and the QGP initial temperature T0. We
take t0 = 0.1 fm and T0 = 1.14 GeV for an SU(N) QGP and t0 = 0.5 fm, T0 = 0.82 GeV for
a 3 flavor QGP, respectively [4].
From the pt suppression patterns shown in Fig. 2 the following features can be observed:
• In an SU(N) QGP, the Υ is more suppressed than higher state resonances although its
dissociation temperature is larger. The relevant quantity here is the Υ formation time
which is less than half as long as the other bottomonium resonances. Therefore the Υ
“feels” the influence of the medium longer;
• In the 3 flavor QGP, the critical temperature is not high enough to break up the Υ but
the Υ′ and the χb are suppressed;
• Due to the small dissociation temperatures, an SU(N) QGP predicts strong suppression.
This is especially pronounced at low pt for R = RPb where close to full suppression is
expected;
• At a given pt, the suppression is less for a QGP with a small spatial extent (R = 1 fm)
since resonances can escape more easily from a small system.
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Figure 2: Suppression pattern versus pt for Υ (solid), Υ
′ (dashed) and χb (dotted) for a 3
flavor QGP (left) and an SU(N) QGP (right) with R = 1 fm (up) and R = RPb (down).
The Υ′/Υ ratio versus pt is shown in the upper plots of Fig. 3. In absence of QGP, the ratio
is equal to 0.63. Due to the differences in the suppression pattern of the Υ, the two QGP
models predict significantly different Υ′/Υ ratios. Indeed, at low pt, the ratio from the SU(N)
QGP (3 flavor QGP) is larger (smaller) than the ratio in pp. It should therefore be rather
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Figure 3: Up: prompt Υ′/Υ ratio versus pt for an SU(N) QGP (solid) and a 3 flavor QGP
(dashed) with R = 1 fm (left) and R = RPb (right). The horizontal line shows the expected
value of the ratio in pp. Down: same for the indirect ratio (see text).
easy to disentangle the two scenarios even with pt-integrated data. On the other hand, the
study of pt dependence of the ratio should determine the size of the system.
The above scenario corresponds to an ideal case since we have considered the “prompt” ratio.
In fact, a significant fraction of Υ production comes from the decay of Υ′, χb(1P, 2P ) and
Υ′′. Moreover, some Υ′ come from the decay of χb(2P ) and Υ
′′. Therefore, if the different
contributions cannot be identified (which will likely be the case), the actual “indirect” ratio
must contain all sources of Υ and Υ′ namely:
Υ′ + χb(2P )(→ Υ
′) + Υ′′(→ Υ′)
Υ + χb(1P, 2P )(→ Υ) + Υ′(→ Υ) + Υ′′(→ Υ)
(4)
This indirect ratio has been computed using the feed-down factors from [10] and is shown
in the lower plots of Fig. 3. The indirect ratio in absence of QGP is equal to 0.26. As can
be seen, the model sensitivity of the ratios is somewhat reduced when taking into account
indirect decays. However, large differences remain in the low pt range where, on the other
hand, most of the initial statistics are located.
3 Simulation techniques
The simulation has been performed in the framework of the AliRoot-FAST package devel-
oped for the ALICE PPR. The basic input is a cocktail of muons from pi, K, charm and
bottom decay with production cross sections taken from [7]. These muons are filtered by
the spectrometer response (acceptance, trigger and tracking efficiency, track resolution). The
5
efficiencies and resolutions used are the ones obtained in the so-called background-level-1 en-
vironment which consists of the sum of two HIJING events with [dNch/dη]η=0 = 6000 each.
Unlike-sign muons passing the filter are then combined to build invariant mass spectra after
a pt threshold of 3 GeV/c is applied on single muons to reduce the combinatorial background
in the Υ mass region. At this step, realistic statistical errors corresponding to one month of
Pb− Pb data taking are folded in. A typical invariant mass spectrum is shown on the left





























Mean    8.812
RMS     1.382
 / ndf 2χ  8.708 / 47
Width     0.006823± 0.02425 
MP        0.007195± -9.546 
Area       10.3± 292.8 
GSigma    0.008301± 0.1102 
MP2       0.01552± -10.09 
Area2/Area1  0.02147± 0.2755 
MP3       0.02054± -10.43 
Area3/Area1  0.01888± 0.1598 
Cte1      2.196e+04± 1.345e+04 
expo1     0.03933± 0.7333 
Cte2       40.8± 3.056 
expo2      1.11± 0.02241 











Figure 4: Left: invariant mass spectrum showing the contributions from the resonances
(gray), the correlated background (white) and the uncorrelated background (black). Right:
invariant mass spectrum showing the Υ family and the correlated background. The curve is
the result of a fit to the spectrum with the function described in the text.
The background below the Υ family consists of correlated muon pairs from charm and bot-
tom decay as well as uncorrelated muon pairs. Since the uncorrelated component can be
subtracted with appropriate techniques like event-mixing, we consider only the correlated
background in the following. Therefore, the statistical error of the “full” spectrum is simply
assigned to the remaining (correlated) spectrum. This assumes that the uncorrelated back-
ground subtraction is free of any systematical bias. The invariant mass spectrum is then
adjusted with a 12 parameter function consisting of the sum of two exponentials and three
modified Landau convoluted with a Gaussian (Fig. 4 right).
The above procedure has been repeated four times to study the following scenarios: SU(N)
QGP with R = 1 fm, SU(N) QGP with R = RPb, 3 flavor QGP with R = 1 fm and 3 flavor
QGP with R = RPb. In each case, the original pt distribution of the resonances, used as an
input in AliRoot, was modified to account for the suppression. First, the QGP-modified pt
distributions were obtained, for each resonance, from the convolution of the original distri-
bution (Fig. 1 left) by the corresponding suppression pattern (Fig. 2). Second, in order to
take into account indirect decays, the Υ and Υ′ “final” pt distributions were built by adding
their modified distributions to the ones from higher states folded with the corresponding
cross sections and feed-down factors. The actual number of Υ and Υ′ to be generated (after
QGP-suppression) was then given by the integral of these “final” distributions. Finally, in
order to explore the pt dependence of the Υ
′/Υ ratio, the invariant mass spectra were fit
using different pt cuts on the muon pairs.
6
4 Results
Before discussing the results, it is important to recall the relevance of the Υ′/Υ ratio to probe
the QGP. This ratio is found to be flat in pp¯ collisions at 1.8 TeV [11] and is predicted, by the
color evaporation model, to be independent of energy as well [4]. This is first to be confirmed
in pp collisions at the LHC. Then, as stated in the introduction, nuclear effects like absorption
and shadowing can modify the ratio. (Significantly different shadowing for two quarkonium
species of similar mass is, however, unlikely.) Note that, contrary to the centrality dependence
of the ratio, the pt dependence, for a given centrality, should be altered by nuclear effects
only in its magnitude and not in its variation such that a global “offset” can be expected
with respect to the value measured in pp [4]. The contribution of these nuclear effects to
the measured ratio in Pb− Pb can, in principle, be unraveled by means of the measurements
done in pA. Therefore, providing that this can be done with sufficient accuracy, any deviation
from the pp measurement in Pb− Pb can be attributed to the QGP formation and, as shown
in section 2.2, the pt dependence of the ratio can be used to constrain the parameters of the
QGP models.
The results are presented in Fig. 5. They correspond to the expected measurements with the
spectrometer for central (10%) Pb− Pb collisions in one month of data taking.
  (GeV/c)Tp











 With Indirect DecaysΥ’/ΥProduction Ratio
3 flavors-QGP R=1fm
  (GeV/c)Tp











 With Indirect DecaysΥ’/ΥProduction Ratio
pbSUN-QGP R=R
  (GeV/c)Tp











 With Indirect DecaysΥ’/ΥProduction Ratio
pb3 flavors-QGP R=R
  (GeV/c)Tp











 With Indirect DecaysΥ’/ΥProduction Ratio
SUN-QGP R=1fm
Figure 5: Υ′/Υ ratio versus pt for the four QGP scenarios discussed in the text. The solid
curves correspond to the “theoretical ratios” obtained from Equation (4). The triangles
show the expected measurements with the spectrometer in one month of central Pb− Pb
data taking (the open triangles correspond to the pt integrated ratios). Error bars are of
statistical origin only. The horizontal solid lines show the expected value of the ratio in pp
collisions.
Note that the “data” points fall on top of the theoretical curves. This rules out large sys-
tematical effects introduced by the apparatus. In most of the cases considered, the statistics
collected within one month should be sufficient to disentangle the different scenarios by
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means of a unique pt-integrated ratio. This is, however, not the case for the SU(N) QGP
with R = RPb which predicts very large suppression. The suppression here is actually too
large for any measurement beyond the pt integrated one. In such situations, the study can
be extended to non-central collisions and/or lighter systems for which the suppression is ex-
pected to be weaker. More precise information about the QGP characteristics, particularly
its size, can be obtained from the pt dependence of the 3 flavor QGP ratio with R = 1 fm
and R = RPb.
5 Conclusion
The capabilities of the ALICE muon spectrometer to measure the pt dependence of the Υ
′/Υ
ratio in central Pb− Pb collisions have been investigated with AliRoot-FAST simulations.
Two different QGP models with different system sizes were considered. The results of the
simulations show that, with the statistics collected in one month of data taking, the measured
Υ′/Υ ratios exhibit a strong sensitivity to the characteristics of the QGP. The present study
does not include any estimate of the systematic errors. We note that summing up the data
collected in the high luminosity runs of the first years of ALICE operation will increase the
statistics in the low pt range and allow exploration of the higher pt region which should offer
a cleaner environment with respect to nuclear effects. We finally stress the importance of
simultaneously performing other types of analysis, such as the centrality dependence3, in
order to systematically pin down the properties of the deconfined medium.
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